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ABSTRACT
Background:
The incorporation of digital dentistry into dental practices has greatly impacted
the conventional dental workflow. This process has given clinicians access to
additional treatment options, with more predictable outcomes for the
fabrications of prostheses by enabling a wider selection of dental materials and
manufacturing techniques; one such material is cobalt chromium (CoCr). CoCr
alloy is a favourable material choice due to its low cost and high physical
strength, however, the outcome of traditional casting methods of CoCr alloy
can be unpredictable and is heavily reliant on the skills of the technician.
Computer-aided manufacturing can produce specimens with much more
predictable properties, although, milling of fully sintered cobalt chromium has a
high wear rate on milling components during fabrication process due to the
inherent hardness of the alloy. More recently, two techniques using CoCr
powder have been developed. One involves milling of soft polymer bound
CoCr (SM) which is then sintering to full density, the other is 3D printing/laser
sintering (LS) of loose CoCr powder. Both of these manufacturing methods
greatly reduce stress on the components of their respective machines. Published
research on cobalt chromium fabricated using these two manufacturing
methods, however, suffers from a lack of standardization making it difficult to
draw clear conclusions on their in-vitro properties.
Aim:
To compare the properties of additive manufacturing/laser sintered cobalt
chromium alloy with subtractive manufacturing/ soft milling of cobalt
chromium alloy in regards to mechanical properties, bonding to porcelain, and
microstructural characteristics/behaviour.
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Method:
Chapter 2: Forty CoCr dumbbells were fabricated using the SM and LS
manufacturing method with dimensions in accordance with the to ASTM E8
standard. The dumbbells were fractured under uniaxial tensions and
calculations performed to determine the ultimate tensile strength, proof stress
and elastic modulus. The fracture surfaces were examined using scanning
electron microscopy. Rectangular plate specimens were also fabricated and
subjected to testing using nanoindentation method to further examine elastic
modulus and hardness values.
Chapter 3: Thirty-two rectangular specimens with dimensions 8 x 30 x 1.5 mm
were fabricated using the methods outlined in Chapter 2. Thirty specimens were
layered with porcelain and tested using 4-point strain energy release rate
approach in accordance with the method by Suansuwan and Swain (1999) to
measure the adhesion strength. Fracture surfaces were then visually examined
and under scanning electron microscopy to determine the mode of failure.
Nanoindentation was carried out on the remaining two specimens to calculate
the changes in elastic modulus and hardness post-porcelain firings. The effects
of porcelain firings on microstructure and phase composition of specimens
were also examined using electron microscopy.
Results:
Chapter 2: The LS CoCr had a significantly higher ultimate tensile strength
(1090 vs. 915.9 MPa) and proof stress (608.8 vs. 549.4 MPa) (P<0.05) than
SM, while the difference in the elastic modulus values was not statistically
significant (196.2 vs. 180.4 GPa). The elastic modulus calculated using
nanoindentation was similar to that found using tensile testing (LS CoCr 197.0
GPa and SM CoCr 181.8 GPa). The hardness was also lower for the SM than
LS CoCr (3.3 vs. 4.4 GPa). Examination of the dumbbell fracture surfaces
showed uniform structure for the LS CoCr specimens whilst the SM CoCr
specimens were perforated with porosities; neither the LS nor SM specimens
showed an obvious point of fracture.
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Chapter 3: Adhesion energy of ceramic to LS CoCr was significantly higher
than that of ceramic to SM CoCr (86.6 J/m2 vs. 76.9 J/m2) (P<0.05). The elastic
modulus showed an increase in both specimens before and after the firing (LS
181.8 to SM 187.9 GPa vs. LS, 197 to SM 205.1 GPa). Lower hardness values
of SM CoCr than LS CoCr were initially observed, however after ceramic
firings, SM CoCr had a larger increase in hardness values at the interface than
the LS CoCr (4.9 vs. 5.3 GPa).

Electron backscatter diffraction (EBSD)

mapping showed that both specimens had a regular grain structure, however
SM CoCr had more localized changes in crystalline structure at the interface
when compared to LS CoCr.
Conclusion:
Despite the SM CoCr having voids that directly affected the overall mechanical
properties, both LS CoCr and SM CoCr results had better mechanical properties
when compared to cast CoCr. The LS CoCr had a dense fine grained structure
while SM CoCr had a fine grained structure. For the adhesion test, both LS and
SM CoCr had higher bond strength to ceramic than the cast CoCr. An
interesting relationship was found between increased hardness of interface and
lower bond strength. Overall although LS CoCr had superior properties to SM
CoCr, both computer-aided manufacturing methods were superior to reported
properties of conventionally cast of CoCr, suggesting that both would be a
suitable choice for long-span PFM prostheses or metallic frameworks for use in
the mouth. Further in-vivo research is required to examine the performance of
such prostheses in the oral cavity.
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1
Literature Review

1.1 Introduction:
For the past few decades the world has been undergoing a digital revolution.
This has not only impacted on how we go about our daily lives, but also in our
general problem solving approach to complex theoretical issues (Barnatt 2001).
A similar trend is occurring in the medical and dental fields where more
accurate scanning and manufacturing techniques are allowing for better
planning, wider networking and more automated production techniques. The
incorporation of digital technology into dentistry has become so important that
one of the main themes at the last world conference by the Foundation of
International Team for Implantology (ITI) was focused on “digital dentistry”
(ITI 2014).
The increasing use of technology in the dental sector has given the operator the
opportunity to eliminate manual handling of specimens throughout the various
processing steps; and some have given this approach in dentistry the term
“digital workflow” (Brawek et al. 2013; Almeida e Silva et al. 2014).

The

basic premise of digital workflow is based around three elements: First is data
acquisition, such as various scanning technologies, then manipulation and
processing of data, created using a computer-aided design (CAD) software; and
finally the use of the processed data for manufacturing of structures in the
desired material through computer-aided manufacturing (CAM) (van Noort
2012). In the manufacturing step, there is a fast growing alternative to currently
accepted milling methods, also known as subtractive manufacturing, that is
known as three-dimensional (3D) printing.

This technology, also termed

“additive manufacturing” and “rapid prototyping”, has been taking over parts of
manufacturing that has been performed by subtractive manufacturing.
While elimination of physical handling of material is not fully realized yet for
many types of dental prostheses, exploring the various present technologies that
may facilitate the achievement of true “digital workflow” is essential to know
where future prospects are.

In this literature review we will discuss the
2

aforementioned parts of digital workflow and examine current technology and
how additive manufacturing may fit into this concept.

To establish the

background behind the technology, the literature review will discuss the
currently available technology in the digital dental workflow and developments
in computer-aided manufacturing digital dental workflow. In section 1.2, the
review will discuss the current scanning techniques available for use in digital
workflow, section 1.3 will discuss computer-aided design and manipulation of
scanned data, section 1.4 will discuss the two main computer-aided
manufacturing options: subtractive and additive manufacturing techniques, and
section l.5 will discuss the application of the technology to one common base
metal, cobalt chromium, discussing the current research around computer-aided
manufacturing of the alloy.

1.2 Scanning:
High quality image acquisition of an object is a vital step in generating high
quality data, as poor quality imaging leads to poor quality product. Scanning
technologies use non-invasive mechanisms to acquire data of three-dimensional
structures by interacting with surface or volume of objects. In the sphere of
dental workflow, its application may range from digitizing individual details of
tooth structures to larger parts of the maxillofacial structure (Galantucci, 2010).
There are different types of scanners available for use in dentistry: they may be
broadly categorized into contact and non-contact methods (Prithviraj et al.
2014)

1.2.1 Contact method
Scanning using the contact method involves a probe mechanically reading the
dental cast line by line. The accuracy of this method has been confirmed to be
around ±10µm (Persson et al. 2006). The most recognized scanner is the one
created for Procera from Nobel Biocare. The diameter of the ball at the tip of
the scanner is equivalent to the smallest bur diameter in the milling system.
This technique has very high accuracy.

However, due to the cost of the
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scanner, the scanning speed of the probe and its delicate mechanical
components, is deemed highly inefficient for dental uses (Beuer et al. 2008).

1.2.2 Non-contact method
Unlike the contact scanning method, non-contact scanning requires no physical
contact between the scanner and the object to be scanned, but rather an
interaction with reflected or transmitted waves.

These waves may vary in

nature but are mainly electromagnetic, radiographic or optical based. The
scanner creates a three-dimensional map of the gathered data and transforms
them into a virtual mesh; the created file format is most commonly Standard
Triangle Language (STL). The most common non-contact scanning methods
are based on transmission and reflection methods (intra and extra oral scanners)
(Galantucci 2010). These methods differ in the way they scan a structure and
image output format, however these differences allow for wide ranging uses in
dentistry depending on the structures of interest.

In some cases digitized

images from different scanners may even be combined, especially when scans
of both deep anatomical and surface structures are required, such as the case in
planning placement of dental implants (Zhao, 2014).

1.2.3 Scanners based on transmission method
Scanning using the transmission method includes magnetic resonance imaging
(MRI) and computerized tomography (CT).

The main advantage of this

method is the ability to image deep internal anatomy, largely without being
affected by the nature of the surface of the object (Galantucci 2010). The scans
are converted into DICOM 1 file format that is then processed with CAD
software. The volumetric data may also be segmented into various planar
views in STL format.

Computerized tomography scanning technique is

routinely used in diagnosis and treatment planning of dental cases (Figure 1.1),
particularly in dental implants placement and exploration of maxillofacial
1

Digital Imaging and Communications in Medicine, standard for the communication and management of
medical imaging information and related data.
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structures. The data obtained using CT allows for the production of twodimensional images from the three-dimensional model (Weinberg 1993). A
limiting factor for CT use is the high radiation dosage, which is potentially
absorbed by patient. However the rise of cone beam computed tomography
(CBCT) has lowered the radiation risk to patients considerably.

The

technology uses a cone-shaped x-ray beam with two-dimensional detector,
using a low-energy fixed anode tube. Both then make a single synchronised
rotation around the patient, focusing on a relatively small area and hence
reducing radiation exposure to the patient (Meena and D'Souza 2012). As the
processing power of computational devices is increasing the image quality and
speed of image production by CT scanning is increasing as well (Edwards
2010). Due to the relatively low cost and radiation dose of CBCTs, the use of
the technology in dental procedures has increased dramatically (Martorelli et al.
2014).

Many commercial systems use CT-derived scans to allow for

preoperative planning and production of fully guided surgical guides for precise
placements of dental implants (Reddy et al. 1994). MRI’s, whilst a viable
method of scanning, have unfortunately not had the same effects on dental
procedures; this is mainly due to cost. However, the lack of radiation in
scanning anatomical structures makes them a great future asset to dental
diagnosis and planning procedures.

Figure 1.1 Galileos CBCT scanner with dry skull scans (Courtesy of Diane Campbell and Radiography
Unit in the University of Otago Faculty of Dentistry).
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1.2.4 Scanners based on the reflection method
Commercially the most popular types of scanners for dental use are those based
on the reflection method.

They are favoured because of their fast data

acquisition, lack of harmful side-effects and comparatively low cost
(Galantucci 2010). The basis of this method is the use of a source of
illumination, such as lasers, and receptor(s) that detect the reflection off the
surface (Beuer et al. 2008).

Their aim is to digitize the surface of structures to

create digital images that may be examined and manipulated using computer
software. Dental scanners based on the reflection method may be divided
further into indirect and direct scanning techniques (Bhambhani et al. 2013;
Logozzo et al. 2014; Ting-Shu and Jian 2014).
The indirect scanning technique involves scanning dental stone models that
have been poured from conventional dental impressions. While this method is
easier to perform as it is outside the oral environment, the handling and pouring
of various materials increase the risk of compound error (Guth et al. 2013;
Logozzo et al. 2014). On the other hand, the direct scanning technique is used
to directly capture a digital impression from the area of interest, usually
prepared teeth or a whole arch of the dentition. This has the advantage of
avoiding the direct handling of the impressions and being able to instantly
review the results, rather than waiting for pouring of impressions to be done
and then performing a physical examination of the models. However, such
scanners tend to be limited in size and the target usually has to be prepared
prior to scanning as image acquisition may be affected by saliva (Prithviraj et
al. 2014), translucency and reflectiveness of scanned surfaces as well as surface
wetness and relative motion (Logozzo et al. 2014).

The most common

techniques used by dental scanners to digitize surface structures are as follows:

•

Confocal laser scanner microscopy

Confocal microscopy technique is based on parallel confocal imaging with a
very high focus at selected depths creating “optical sections” at about 50 µm.
The laser is focused by a lens onto a small focal area, reflected laser beam and a
small amount of illumination from background light is then recollected by the
lens. The images created are then reconstructed, using specific algorithms, into
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a small but highly focused three-dimensional object. This scanning process
also allows for easier function, where the scanner does not have to be located at
a certain distance from the teeth, has much less problems with scanning sharp
edges of a structure and in the case of intra-oral scanning, it allows for
bypassing of powder application prior to scanning. However it only scans one
small area of the surface at a time and therefore may be slower when compared
with other methods. Examples include iTero (Align technology, Amsterdam,
Netherlands) 3D progress (MHT, Verona, Italy) and Trios (Trios GmBH,
Rastede, Germany).

•

Triangulation technique

Triangulation based scanning is a non-contact technique that can be either
active or passive. In active triangulation scanning, a light beam is deflected on
to the surface of a structure of interest, the light is reflected off and captured by
a camera; the light source, the object and the camera form a triangle, hence the
name triangulation technique.

In passive scanning, the source light is the

existing background illumination in the area.

This technique relies on

processing of two images from two separate cameras at specific angles, which
is done in order to identify common points and apply triangulation; this is a
similar process to how the human eye functions. Passive triangulation on the
other hand is a relatively cheap and highly accurate technique, however it still
has some limitations. These include the need for high contrast when scanning
structures, good lighting in the area and a surface with good amount of features.
Both techniques rely heavily on actively controlling distance from the scanned
object, may struggle with sharp angles and require coating of teeth with a
reflective powder in intra-oral scanning.

Examples of active triangulation

technique include CEREC Bluecam (Sirona GmBH, Salzburg, Austria) and for
passive triangulation technique DirectScan (Hint-ELS, Greishem, Germany).

•

Optical coherent tomography

Optical tomography relies on interferometric imaging and uses a near infrared
laser as a light source and micro-mirrors that vibrate at very high speeds. Using
cross correlation of the various signals it forms an image of the scanned
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structure. This type of scanning can have resolution in microns and penetrate
around 1mm of tissue. This technique does not require use of reflective powder
for accuracy in intra-oral scanning but does require the use of rubber stops to
actively control distance from scanned object.

Example: PlanScan (E4D,

Helsinki, Finland).

•

Accordion fringe interferometry

In fringe interferometry technique, two beams of light pass through diffraction
gratings that are then focused using a lens to create an interference pattern on
the surface of the structure, where a very precise digital camera records the
curvature of the fringes. This method relies on destructive and constructive
interference pattern created onto the surface to form an image of the object.
The information obtained is then processed and a three dimensional image is
made. This type of scanner does not require use of reflective powder for
accuracy in intra-oral scanning. However the system does have difficulty with
sharp angles and is far better with flatter surfaces where it can scan larger areas
more quickly (Bloss 2008).

Example: DPI system (3D Progress, Verona,

Italy).

•

Active wavefront sampling

Active wavefront sampling uses a simple camera, a central lens, and an off-axis
aperture element. The element moves around the optical axis and the depth of
points scanned is derived from the radius of circular pattern produced. This
creates the same effects as if multiple cameras are taking measurements of the
same point, creating redundancy and allowing for use of only one element. This
should theoretically increase accuracy but lower the manufacturing cost. This
technique however does require the application of reflective powder prior to
intra-oral scanning. Example Lava COS (3M ESPE, Minnesota, USA).

1.2.5 Accuracy of image acquisition
Accuracy of acquired images is essential in obtaining a satisfactory final
product. Current techniques operate at very high spatial resolution. Several
authors have suggested that the accuracy of digital impressions is similar, if not
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superior, to existing traditional impression taking techniques, with very good
repeatability (Ender and Mehl 2011; Guth et al. 2013).

However indirect

scanning is still deemed superior as it does not have to deal with intrinsic
difficulties found in intra-oral environments, although this advantage is only
maintained with careful handling of physical specimens prior to scanning
(Ting-Shu and Jian 2014). In 2014, Lee tested several methods of scanning and
found that the resultant images had an accuracy range from 30 µm to 88 µm,
which is within the acceptable error margins when used for fabrication of dental
prostheses (Seelbach et al, 2013). Other studies put direct scanning inaccuracy
to be as small as 17 µm (Guth et al. 2013), while full arch scans, with selected
intra-oral scanners, yielded a mean error of 40-90 µm (Patzelt et al. 2014).
Digitization of objects using scanning technology allows for instant review,
comfort to patients and other advantages listed in this section. However its
most obvious gain is in being able to carry and instantly access high quality
information about patients without having to take physical models that take
much more physical space.

These features are expected to increase the

incorporation of digital scanners into the dental workflow (van Noort 2012).
S

1.3 Virtualization using Computer-Aided Design:
Computer-Aided Design CAD is the design and manipulation phase of digitized
data of scanned object (Figure 1.2).

Manufacturers usually provide the

software for the design phase but there are variations in the output file format
and abilities of software (Beuer et al. 2008). While the most common use of
the software is for the visualization and adjustments of scanned objects during
design of the prosthesis (Miyazaki et al. 2009), the scope of use of CAD
processed images is quite wide. Scanner software combine the 3D points
scanned onto a 3D polygonal model and produce image data from mapping of
area in a triangulated form, which the CAD software can then be utilised to
accurately define various structures (Walker et al. 2010). Having a 3D model
of an object allows for visualization, as well as various kinds of manipulations
and calculations to be performed without affecting the original structure
(Martorelli et al. 2014).
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Something not easily done using traditional impression taking techniques is the
review of the quality of the model without pouring the mould first, which is
usually done long after the patient has left the clinic.

One of the main

advantages of using CAD software in dental workflow is the instant
visualization of impression, such as geometry and margins, enabling instant
quality control of the outcome. This may increase efficiency of the procedure,
including being able to repeat a non-satisfactory impression at the same
appointment rather than risk needing further recalls of the patient after pouring
the impressions, as is the way in traditional dental workflow (Brawek et al.
2013). Post-processing of scanned data may also help optimize the final image
used for the manufacturing phase, as image files are prone to having missed or
reversed surfaces. Another advantage of digitization of image data in digital
workflow is longevity of recorded information. As long as the image file is not
corrupted it can theoretically be used an infinite number of times without
affecting its quality, which is not possible to do with physical impression
techniques (Davidowitz and Kotick 2011). The use of CAD software is also
being recognized in maxillofacial prosthodontics (Watson and Hatamleh 2014).
One example of an application in maxillofacial prosthodontics involves cases of
microtia and anotia, where one ear may be deformed or missing while the other
is a perfect shape.

Scanning the contralateral ear and then, through

manipulation using CAD software, digitally reversing the image to create a
symmetrical ear for the deformed side, allows the creation of an identical object
particularly where symmetry is paramount. The prosthesis may then be directly
manufactured in silicone or a negative mould can be made for physical
fabrication with much less reliance on technician’s skills (Figure 1.2)
(Liacouras et al. 2011). Also, as the prosthesis usually has a limited lifetime of
6-12 months (dos Santos et al. 2012) and the dimensions of a human ear
remains remarkably stable throughout the growth phases, the same scanned file
may be used an unlimited number of times throughout the lifetime of the person
(Hatamleh and Watson 2013).

Another application of CAD software in

maxillofacial prosthodontics is in pre-operative assessments. Currently the use
traditional panoramic radiographic images may sometimes be problematic as
they are a 2D representation of a 3D structure. They may also suffer from
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limited magnification, possible distortion and lower image sharpness (Chen et
al. 2010).

Surgical planning using CAD software has resulted in better

outcome and reduction of complications such as damage to sensitive anatomy
surrounding surgical site (Lal et al. 2006). This can be seen by the rise of more
fully-guided implant placement software (Papaspyridakos et al. 2012). Another
field for use for CAD manipulated images is Finite Element Analysis (FEA).
This involves the use of specific programmes to run biomechanical analysis on
virtual 3D structures, predicting behaviour of tissues and bypassing the need for
experimental testing on actual specimens (Habibovic et al. 2008). In FEA a
larger structure is divided into sub-components, whose properties are inserted
into a specialized programme, allowing for theoretical calculation of the
response of the overall structure to applied stresses. Testing the response of
structures to stress is a very important practice in research. FEA can locate size
and direction of force and hence areas of stress. It is inexpensive, non-invasive
and can be run as many times as required due to lack of actual physical damage
to the tested structure (Miyashita et al. 2012). In experiments involving teeth
with different types of defects, FEA has successfully predicted the response of
the teeth to stresses (Magne 2007). Another study measured strain on cortical
bone around an implant and found both the FEA and actual physical
experimental model arrived at similar results, validating its use for biological
tissues testing (Huang et al. 2010).

These applications have led to more

companies opting for a more open and universal file format standards (e.g.
Bluescan); the standard is commonly called Standard Triangulation Language
(STL) (van Noort 2012). This is promoting an increase in communication
between various specialists fields without having to “match programmes”
(Brawek et al. 2013), enabling manipulation of scanned images without the
difficulty of attempting to change file formats prior to manipulation and adding
flexibility when choosing a machine for the final manufacturing step.
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Figure 1.2: Fabrication of silicone nose prosthesis using an extra-oral scanner and Exocad design
software Photo credit (Stephen Swindell TSL Laboratory, Faculty of Dentistry, University of Otago)

1.4 Computer-Aided Manufacturing:
The final part of the workflow is the fabrication of desired structures using
digital

manufacturing

Manufacturing (CAM).

technology,

commonly

called

Computer-Aided

CAM involves a computer controlled manufacturing

machine following instructions from a CAD programme for fabrication of
structures.

While CAM has been used as a synonym for subtractive

manufacturing, it does not actually specify the method used (Beuer et al. 2008).
The use of CAM technology has increased dramatically.

This is due to

increasing accuracy of scanning technology, demands for difficult to
manipulate material and necessity for more accurate custom parts for various
applications, including surgical and implant dentistry (Ruse and Sadoun 2014).
In this section, the computer-aided manufacturing phase will refer to both
subtractive manufacturing and additive manufacturing (also termed 3D
printing), which is another technology gaining foothold in dental workflow.
1.4.1 Subtractive manufacturing
Dr Francois Duret pioneered the subtractive manufacturing technique for use in
dentistry in the 1970s, and he is credited as the first person to develop a dental
milling machine. However, the first commercial system was developed in 1980
by Dr Werner Mörmann. His machine was called Computer-Assisted Ceramic
Reconstruction, also known as CEREC (Davidowitz and Kotick 2011). The
principle of subtractive manufacturing is based on the removal of substance
from a single block of material using cutting tips to create the desired structure.
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The working paths, including direction and speed of the tips, are intricately
controlled by a computer software using the inputted CAD design (Rekow,
1991). The CAD file is converted into a cutter tips location file, which includes
the above, as well as accounting for cutter contact point data (bur contact with
material), and hence allowing for specific numerical control of bur paths (Syam
et al. 2011). At the early development stages of this technology there were a
few barriers to overcome for uptake into dental practices. The total costs of the
machines were prohibitive for the average dental clinic, as well as the relatively
high inaccuracy associated with early scanners during the surface digitization
phase and their inability to automatically recognize margins of preparation.
There were also the difficulties when handling relatively sharp angles and
delicate margins; those issues required more sophisticated software than was
available at the time. However, scanning technology has improved and more
sophisticated software has become available, making the current manufacturing
machines much more user friendly. Also with increasing uptake of digital
technology into dental practices, companies are becoming increasingly
competitive, driving overall prices lower while dramatically increasing the
quality of their product (Miyazaki. et al. 2009). The type of methods in use for
milling a block of material may vary but the most common is the varying
diameter milling burs (Jo 2011). Most subtractive manufacturing machines are
distinguishable through the number of milling axis they use (Figure 1.3). While
this does not necessarily mean an increase in the quality finish of a restoration it
does allow for handling of increasingly complex geometries and variable
material types ( Rekow, 1991; Beuer et al. 2008; Abduo et al. 2014). While bur
positioning in milling machines is supposedly accurate to within 10 µm
(Rekow, 1991) the smallest feature it can produce is limited by the size of the
smallest bur (Beuer et al. 2008). The most common number of axes in use are
listed below.
3-axis milling machines: These types of machines tend to be more

•

limited and simplistic, requiring minimum calculations. During milling the bur
heads move in three spatial directions, X, Y and Z. While the lower number of
axes does make those machines cheaper, faster and easier to control it also
necessitates an additional feature of being able to rotate blank disks of material
13

a

b

over 180° to allow for milling of convergent and divergent angles in the
structure. Example of such machine is the CEREC MC XL milling machine
(Figure 1.3a) (Dentsply Sirona, Pennsylvania, USA)

•

4-axis milling machines: These machines have the ability to move the

actual blank as well allowing an extra dimension of access for the milling burs,
this may save both time and material. Example of such machine is the Zeno
milling machine (Wieland-Imes 3M, Eiterfield, Germany).

Figure 1.3 (a) 4-axis Cerec MC XL and (b) 5-axis Amaan Girrbach ceramill motion 2.
(Courtesy of TSL lab, Faculty of Dentistry ,University of Otago)

•

5-axis milling machines: These machines utilize a fifth axis around the

actual milling spindle.

This can increase the complexity of the shapes

produced, such as when fabricating an exteriorly converging metal frame in
fixed partial dentures and acrylic denture bases. Example of such machine is
the Ceramill Motion 2 (Amann Girrbach, Koblach, Austria) (Figure 1.3b).
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In addition to the variance in the number of axes a milling machines has,
another variability is the type of machining involved; this is usually categorized
as hard and soft machining (Beuer et al., 2008; Miyazaki and Hotta 2011).
• Hard machining: This involves the milling of the highly sintered form
of the base material. This type of machining tends to subject the material and
the milling components to a very high amount of force, causing an increase in
temperature and wear on the milling burs, particularly when milling hard base
materials such as cobalt chromium and zirconia. Hence the milling components
have to be very rigid, have efficient cooling systems to avoid excessive damage
to the material due to heat and require regular replacement of bur heads. This
results in an increase in milling time, higher operating costs due to regular
replacement of parts and an increase in the risk of damage to the surface
structure of the final product’s surface. Also, if the machine does not account
for the reduction in bur diameter during the machining process, the fit of the
final structure will be affected (Ortorp et al. 2011). In addition there is a
particular problem with low conductivity materials, such as zirconia, in which
quick temperature variations may cause surface micro-cracking (Li et al. 2014).
While that does not change the accuracy of the fit of the prosthesis, the residual
stress does increase the risk of low temperature degradation and may reduce the
lifetime of the prostheses (Denry and Kelly 2008). This process however, does
produce a very dimensionally accurate prosthesis that requires significantly less
post-processing (Abduo et al. 2014)

•

Soft machining:

blocks of material.

This process involves the milling of pre-sintered

Unlike hard machining, the softer nature of the base

material reduces the overall stress on the milling components and hence reduces
the need for cooling, and increases the lifetime of the cutting tips (Abduo et al.
2014). The structure is then subjected to a sintering step to achieve the
properties required for use. The sintering step does cause shrinkage in the
milled structure, which can reach around 25% for zirconia, which has to be
accounted for by the CAD software prior milling (Denry and Kelly 2008; Wael,
2009).
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1.4.1.1 Accuracy
While attempts to measure marginal accuracy have yielded varying results
using varying methods to measure fit discrepancy, as well as different scanning
and manufacturing procedures the evidence suggests satisfactory marginal fit
(Contrepois et al. 2013).

In a systematic review of ceramic prosthesis

manufacturing using subtractive machining, it was found that in terms of
marginal gap measurements, 95% were below 120µm (Contrepois et al. 2013).
Another systematic review for all crowns produced using subtractive
technology showed that almost all measurements of marginal gaps were below
120 µm and most were around 80 µm, which is well within acceptable marginal
fit discrepancy tolerance, however internal gaps varied from 34 µm to 220 µm
in the occlusal fitting surface depending on the area of measurement (Boitelle et
al. 2014). For implant parts and frameworks, the fit was found to be excellent
with less than 4 µm vertical discrepancy and less than 15 µm in passive fit.
Similarly for custom-made abutments the accuracy was found to be very high,
2.5 µm-3.2 µm and rotational movement less than 3° (Abduo et al. 2012).

1.4.1.2 Material
The types of materials that can be used in subtractive manufacturing are
ceramics, resins and metals; each are discussed below.

•

Ceramics: The use of ceramics is increasing as patients and dentists opt

for aesthetic, metal-free prostheses. Fabrication of these prostheses using
traditional laboratory methods is time consuming and very technique sensitive.
However, with the use of milling machines the process has become much more
predictable (Miyazaki and Hotta 2011; Li et al. 2014). Different types of
ceramics are machinable using subtractive manufacturing methods, ranging
from the highly aesthetic feldspathic ceramics to the high flexural strength of
zirconium oxide ceramics. Special attention has been paid to the properties of
zirconia and its polymorphic characteristics in preventing crack propagation.
Its use has increased with the spread of computer-aided milling due to the
relative ease in which milling machines produce a structure made from zirconia
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when contrasted with traditional production methods (Miyazaki and Hotta
2011).

•

Polymethyl methacrylate (PMMA): PMMA is a highly dense acrylic-

based material commonly used to fabricate provisional prostheses for use in the
oral cavity. Its relatively high fracture resistance and chemical stability (Alt et
al. 2011) makes it an ideal material to temporize with when extensive
prosthodontic treatment is being undertaken (Figure 1.4).

Figure 1.4: Provisional 3-unit bridge using PMMA and subtractive manufacturing and active
milling process (Courtesy of TSL lab, Faculty of Dentistry, University of Otago)

•

Metals: Milling of metal structures, rather than using the traditional lost

wax technique, is allowing for more predictable and less technique sensitive
production of metal frameworks for dental prostheses. There are two types of
metals commonly milled, titanium and cobalt-chromium.

Milled titanium

implant abutments and framework are becoming more popular as they are
deemed to combine the best features of traditional techniques. Titanium has the
high accuracy of a stock abutment and yet is modifiable, through the CAD
phase, so as to not require modifications after milling to achieve the desired
dimensions (Abduo and Lyons 2013). In the case of CoCr structures, it is well
known that base metals are difficult to cast due to shrinkage during the
solidification phase hence has a higher risk of distortion and inaccuracy
(Anusavice 1996).

Subtractive manufacturing does not usually involve

elevated temperatures so there is a reduced risk of distortion, however the
hardness of the cobalt chromium does significantly increase the wear of burs
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when milled in its fully sintered state using hard machining processes (Choi et
al. 2014). The accuracy of the final product, maybe affected, especially if the
milling time is prolonged. This is because the diameter of the milling burs is
affected and this is not usually compensated for during the design stage (Ortorp
et al. 2011). To increase the life of the milling burs, soft milling/machining of
pre-sintered cobalt chromium blocks is now possible, although the sintering
phase of the product post-milling induces shrinkage of the structure that has to
be accounted for prior to fabrication (Kim et al. 2014b). Soft milling is further
discussed in part 1.5.

1.4.1.3 Advantages of subtractive manufacturing
There are many advantages associated with the automated process of
subtractive manufacturing. Some of these advantages are:

•

Ease of production: Reduction in labour intensive steps in the

fabrication of prostheses. Production is faster (hours versus days), cheaper (in
terms of labour), easier quality control, more reproducible and accurate
software management (Miyzaki et al. 2009) makes these systems very useful
for dental applications.

•

Suitable accuracy: There are conflicting reports on which system is the

best in terms of accuracy, but most show a marginal gap between 53 µm and
108 µm depending on the spacer used. This range of error has been deemed
acceptable for fabrication of dental prosthesis (Tan et al. 2008; Futoshi et al.
2010).

•

Ease of production of accurate implant abutments and frameworks: Due

to its high accuracy, milling machines are used to fabricate implant components
from titanium and ceramics. The vertical gap is in the range of 2.5-3.2 µm and
rotational movement is less than 3° (Miyazaki and Hotta 2011), while others
have found vertical gap to be around 3.7 µm for zirconia and 3.6 µm for
titanium (Abduo et al. 2012).

This accuracy allows for a tighter fitting

abutment with reduced risk of deformation and misfit (Abduo and Lyons 2013).
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The system also allows the ability to retro fit duplicate abutments to an existing
prosthesis (Kim et al. 2014a). Similarly high accuracy has been found when
measuring vertical gaps in implant frameworks fabricated using milling
techniques (Abduo et al. 2012).

•

Fabrication of guided implant stents: Surgical stents have been shown

to reduce post-op complications. Subtractive manufacturing based production
methods have spawned many commercial surgical guides systems that are
available for use for implant placement (Chen et al. 2010).

1.4.1.4 Limitations of subtractive manufacturing
There are still limitations associated with use of subtractive manufacturing.
These disadvantages include:

•

High wastage: Due to the nature of the machining process, excess

material is usually unrecyclable after use. Some studies have reported that up
to 90% of the starting material is lost when machining of dental prostheses from
a raw block (Strub 2006).

This demonstrates very low efficiency and is

undesirable, especially in cases where the weight of the raw material is an issue.
The low efficiency, by virtue of cost, also limits the type of material that may
be regularly used. For example the amount of wastage involved in milling high
priced noble metals would be very prohibitive (van Noort 2012).

•

Surface damage: Hard machining means increased risk of damage to the

surface of ceramics due to their brittle nature and low conductivity (Thompson
and Rekow, 2005), and may also cause crumbling along with plastic
deformation on a microscopic scale (Sindel 1998; Luthardt et al. 2004).

•

High cutting surface temperature: Thermal energy is poorly dissipated

on the cutting surface, especially in the case of low conductivity material, such
as titanium and zirconia. Bur surfaces can chip under these harsh conditions,
which will in turn reduce the overall diameter of the cutting tip and thus
increase the overall speed of bur head.

This may cause chatter, resulting
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inaccuracies and small plastic deformation of the surface of the final product
(Frohlich 2008)

•

Shrinkage in post-processing: The use of soft metal or pre-sintered

blocks in milling machines reduces the thermal energy produced, surface
damage and at the same time increases life of consumables (Kim et al. 2014b).
However, sintering of the metal or ceramic post-fabrication induces shrinkage
of the overall structure. Zirconia has been shown to shrink by up to 25% during
its sintering phase and therefore must be compensated for automatically by the
involved software. However the risk of damage to surface and wear has to be
weighed against the accuracy sought from the final structure (Filser, 2001).
This has lead many studies to resort to using diamond burs as part of their finish
process to eliminate internal premature contact. While this does improve fit it
also highlights the possible inaccuracies associated with the production of
prostheses using soft-milling process (Abduo et al. 2014).

This has been

highlighted in another study comparing zirconia frameworks made from fully
sintered and pre-sintered blocks, which found that the use of sintered zirconia
restorations had significantly better fit than prosthesis made using pre-sintered
zirconia (Kohorst 2009).

•

Extended milling time: In the case of very hard materials, such as

sintered cobalt chromium and zirconia, milling time becomes much longer,
precluding these materials as options for chair-side milling, but also increasing
the risk of damage to the cutting tips and to the surface of the actual fabricated
structure.

•

Difficulties with complex geometries: There are certain geometries that

the milling machines are not able to easily recreate, including sharp angles and
undercuts. This is due to the limitations of the machining procedure and having
to rely on the size of standard burs for various structures (Abduo and Lyons
2013). Another limitation to the possible geometry is the size of the final
milled structure to be fabricated. Many raw material disks, which are designed
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for milling machines, have limited dimensions, which in turn restrict the size of
the final structure.

1.4.2 Additive manufacturing
The alternative to subtractive manufacturing in the CAM step of dental
workflow is the additive manufacturing technique (3D printing).

Additive

manufacturing is defined by the American Society for Testing and Materials
(ASTM) as “the process of joining materials to make objects from 3D model
data, usually layer upon layer, as opposed to subtractive manufacturing
methodologies” (van Noort 2012). Additive manufacturing has also been used
as an efficient method for rapid prototyping when highly customized models
are required (Yan 1996), thus making it very suitable for the highly
individualized prosthesis that are required in clinical dentistry. Its increased
acceptance into general manufacturing may be seen by the predicted increase in
market size of around four folds by 2020 to around $5 billion dollars (Turner
2014). This all began in 1986, when Charles Hull introduced the principle of
additive manufacturing. While additive manufacturing technology has been
available since then, similarly to early subtractive manufacturing based
machines, it has had its own barriers to overcome. Other than the issues with
image acquisition, the amount of “tinkering” required to get repeatable result
was challenging, however that is becoming less of an issue since the original
patents are expiring allowing for more companies to develop the technology.
The speed of development is especially seen in laser sintering technology,
while early samples were porous and rough (Kathuria 1999), the newer
machines produce alloys with very good physical properties at a very high rate
compared to traditional casting methods (Wu et al. 2014). Because of the basic
principle of forming a structure through layering, there are a few differences
with subtractive manufacturing to be highlighted.

•

The handling of CAD data: In subtractive manufacturing the data is

used to programme the paths for cutting tips, however additive machines
virtually section the scanned object into slices and programme the movement of
the extrusive head or laser accordingly. The slicing allows for input of more
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complex geometries such as internal cavities in a model (Syam et al. 2011).
Another difference is the way additive machines produce structures.
Subtractive manufacturing uses cutting tips to “carve out” the desired
structures; this involves active application of force. In additive manufacturing
however, the process is passive, where layers are laid down and adhere to each
other without active force application.

This reduces stress on fabricated

surfaces (Abduo et al. 2014) and greatly reduce wastage (Berman 2012).

•

Open file formats: Another reason for the increase in uptake of additive

technology is the inter-connectivity between various steps in the workflow. In
the past many digital scanners had their own specific file format. Now there are
more companies producing scanning machines with capability to produce more
universal file formats (mainly STL) such as GmBH and Cadent, increasing the
range of machines that are capable of producing the desired structures,
including machines that use additive manufacturing techniques (Logozzo et al.
2014).

1.4.2.1 Variations in additive manufacturing
While subtractive manufacturing can only employ a limited number of
techniques for fabrication of structures, additive technology greatly vary in
fabrication method and in material of use. While various modifications can be
undertaken, the major additive techniques currently used are:

•

Stereolithography (SLA): This is one of the early methods in additive

manufacturing. It involves the use of a precisely placed laser beam that strikes
the surface of a vat of liquid of photo-initiated polymer, thus polymerizing one
layer of material at a time. The platform is then lowered slightly and a second
layer is traced in a similar fashion. The layers adhere to each other by the selfadhesive property of the polymer. The final structure is then removed and a
simple post-processing treatment is carried out to remove any unreacted resin
(Liu et al. 2005).

It generally produces very accurate structures with high

quality surface finish (Vaezi et al. 2013). Examples include Perfactory µicro
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(Envision Tec, Gladbeck, Germany), Form +1 (Formlabs Inc, Massachusetts,
USA) and Projet 1200 (3D systems, South Carolina, US).

•

Fused deposition modelling (FDM): In this method a thermoplastic

filament on a coil is fed through a pinch roller to the nozzle. The nozzle is
heated so that it may melt the filament, which is then deposited in specific
areas, according to pre-programmed movement of the nozzle, onto a platform.
As soon as one layer is deposited, the built surface drops down in the Z –
direction according to the desired accuracy (Turner, 2014). Examples include
The Ultimaker 2 (Ultimaker, Geldermalsen, Netherlands), Leapfrog Xeed
(Leapfrog, Alphen aan den rijn, Netherlands) and Replicator Z18 (Makerbot,
Brooklyn, USA).

•

Inkjet 3D printing: This method has quite a few variations, however the

basic mechanism is the same. The printing head jets a binder material and a
support material to hold the structure, which is deposited on a bed of powder.
The bed drops down vertically as each layer is formed. In post processing the
support structures are removed, through heat or chemical agents, and the
structure is further infiltrated with base material to deal with the existing
porosity. This technique can produce structures such as dental stone models
with very high resolution, with multiple heads and multiple different types of
materials at the same time (van Noort 2012). Example of such printer is Z
printer 450 (3D Sys, Rock Hill, South Carolina, USA).

•

Selective laser sintering (SLS): There are also variations within this

type of additive technology.

However the basic premise is that a layer of

powder (alloy or ceramic) is spread out and then the particles are joined
together by a focused laser with a pre-programmed path. The support table is
lowered, another layer of powder is spread then the process repeats until the
whole structure is created. Early application of technology produced very
rough and porous structures that required extensive post-processing. These
problems occurred for a few reasons depending on variation of the method.
One variation of the technology, direct sintering technique involves melting of
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metal powder into the form required, however this also produces porous
structures from particles clumping together due to surface viscosity, size of
laser spot (which was many times bigger than the particles) and heat
distribution through powder causing the connection to become thin (Kathuria
1999).

The produced structure then required extensive post-processing to

eliminate these issues. A modification of the technique was the use of polymer
to hold the metal particles together during melting. However this also produced
porous structures that required extensive post processing (Kathuria 1999).
More modern laser sintering machines use a chamber with no oxygen and have
honed the former technique much further, with tightly controlled sintering
environment and power levels, so that the produced structure requires little
post-processing (Karunakaran et al. 2012). This production method is highly
useful in dentistry due to the density of metals produced, minimal postprocessing and the complex geometries that may be involved in fabrication of
metal-based prostheses (Sun and Zhang 2012).

Examples include PXM

(Phenix systems, Riom, France) and Eosint M280 (Eos GmBH, Munich,
Germany).

1.4.2.2 Materials
Unlike subtractive manufacturing techniques, the sheer variety of additive
procedures allow for a large range of raw materials to be used for fabrication of
structures.

The majority of the raw material for additive manufacturing used

for dental and medical purposes may be grouped into binder/powder
combinations material, polymers (including resins and thermoplastics),
ceramics and metals.

•

Polymers: Include a wide variety of substances. Different additive

manufacturing machines use polymers as raw material for building
programmed structures. Thermoplastics are one example of such polymers.
They are generally used by FDM machines, where filaments of the
thermoplastic material are heated then extruded through the nozzle to build
precise structures. They include acrylonitrile butadiene styrene (ABS) and the
more environmentally friendly polylactic acid (PLA) polymer. The latter is
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much more suitable for use in the oral cavity, albeit temporarily, due to its
strong impact resistance, being non-toxic and plant based with a “pleasant feel”
compared to ABS (Turner 2014).

Some studies added biological compounds

into the build filaments extruded by FDM machines. Thermoplastics infused
with anti-microbial agents have been shown to discourage build-up of biofilm
around the fabricated structure (Sandler et al. 2014), others infused
biodegradable polyester with bioactive tri-calcium phosphate which has been
shown to be a very promising prospect for use in building tissue scaffold
structures (Yefang et al. 2007). Wax is another polymer that is commonly used
in additive techniques, although it is usually dispensed by various additive
techniques as a support material for the build it has also been used in its own
right as a build material for wax-ups of complex restorative cases (van Noort
2012).

Another group of polymers that are commonly used in additive

manufacturing are photo-initiated resin. SLA machines usually use this type of
polymer as a build material, curing one layer at a time using UV light or laser.
These polymers offer much more flexibility in colour, rigidity and modification
of components. They too can be mixed with biocompatible and bioactive
components such bioactive glass. Studies have shown that they allow for even
distribution of added compounds and do display bioactive properties in vitro
(Elomaa et al. 2013). Light cured resins may also be made to be castable so as
to be usable as a substitute for manual wax-up step in the lost wax casting
process (Formlabs 2014); this was demonstrated to create very precise final
structures once invested (Kim et al. 2013).

•

Ceramics: Various additive techniques have been used for production

of ceramic structures for use as tissue scaffolds or dental ceramic prostheses.
This includes direct sintering of ceramic (SLS), extrusion of green form of
ceramic then sintering the product to achieve full strength (FDM) and the use of
jetted binder to bind especially coated ceramic powders together to go form
green form of ceramic that is sintered to achieve full strength (Inkjet 3D
printing) (Ebert et al. 2009). Use of SLS technology to produce ceramics
involves either ceramic powder or a green form of the ceramic. SLS of ceramic
powder has only yielded porous structures that are very difficult to post-process
to high density, so has been mainly used to produce modified glass-ceramics for
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fabrication of bioactive tissue scaffold (Scheithauer et al. 2015). However SLS
techniques have been used on green-body porcelain to achieve a dense final
ceramic structure (Tian et al. 2009). Another additive technique, involving
powder-bed inkjet 3D printing and vacuum infiltration, produced dense
alumina-reinforced-ceramic structure with high density and satisfactory
strength (Maleksaeedi et al. 2014), similarly crude zirconia prostheses were
produced using a similar method (Ebert et al. 2009). Dense alumina-reinforced
ceramics structures were also successfully fabricated with alumina loaded
photo-initiated resins in SLA machines. This technique is a very promising
prospect, as SLA machines are regarded as one of the most accurate additive
technologies currently available (de Hazan et al. 2012). Ceramics produced
using additive techniques however, do still have issues with anisotropic
shrinkage when sintering the fabricated green state ceramic and do display a
stair-steps surface effect due to the nature of the fabrication process and as yet
have only been shown to be useful as a tissue scaffold (Denry and Kelly 2014).

•

Binder/powder combination: Other materials that are used as build

material by additive technology are binder/powder combinations. In inkjet 3D
printing technology the powder bed is sprayed with a specific binder at high
accuracy. These binder/powder combinations can vary greatly, ranging from
gypsum to various metals and ceramics; the latter two are discussed in details
under their own respective headings.

•

Metals: Research in this area has mainly focused on use of LS additive

technique for production of metallic structures made from titanium, CoCr and
nickel alloys. The early use of this technology produced structures that were
generally porous with a poor surface finish due to various factors. In the case
where polymer was used to help bind metal powder together during sintering a
porous structure was produced, as the binder was removed during laser
sintering, and further steps involving infiltration were required to reach
sufficient density. Also early LS machines did not use a vacuum in the building
process and laser diameter and strength were improperly configured to produce
a dense final product.

This all made early LS machines inefficient and
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cumbersome to use for production of metallic structures for use in a load
bearing capacity (Kathuria 1999; Khain et al. 2001; Osakada and Shiomi 2006).
However these issues have been largely overcome in the past few years. While
nickel containing alloys are no longer used in dental prostheses due to risk of
nickel allergy, research on titanium structures fabricated using additive
techniques have been shown to have very favorable yield strength, ultimate
tensile strength and ductility with some surface roughness (Frazier 2014).
Clinical in vivo trials have also demonstrated that the produced structures are
biocompatible for use in maxillofacial prostheses (Jardini et al. 2014a; Jardini
et al. 2014b) and that the intrinsic surface roughness aids in osseo-integration of
implants (Figliuzzi et al. 2012; Mangano et al. 2014). While there have been
many well designed studies on titanium alloy (particularly Ti6Al4V) properties
fabricated using LS, there is little literature on other materials that may be
produced using the same technology such as the base metal CoCr and precious
metals (Frazier 2014).

Therefore using additive manufacturing techniques,

such as LS, to overcome the difficulties encountered during traditional casting
and milling techniques for hard material such as CoCr is great prospect to
examine, which is further explored in section 1.5. The low amount of
unrecyclable waste produced when using LS fabrication techniques, makes the
use of precious metals in digital manufacturing a real possibility, albeit still a
relatively expensive one (Berman 2012).

1.4.2.3 Applications
The wide range of materials and fabrications techniques in additive
manufacturing is leading to extensive research on its applications in the medical
and dental sciences.

According to data from Thomson Reuter’s Web of

Knowledge, the fabrication of biomodels for diagnosis, surgical training and
planning appears to be the most common uses of additive technology followed
by application for direct manufacture of implantable devices (Lantada and
Morgado 2012).

In maxillofacial surgery and implantology, with the

advancement of transmission based scanning methods (CT and MRI), there has
been an increase in the ability to scan structures to very high accuracy before
any invasive procedure is undertaken (Galantucci 2010). This aids in pre27

planning of procedures and accurate manufacturing of structures that may be
required. The use of additive manufacturing for maxillofacial prosthodontics,
fabrication of facial prostheses and cranial reconstruction in particular, has also
increased in recent years. When fabricating a facial prosthesis, there is a degree
of discomfort associated with the use of impression material on patients to
create a model of the defect site, however facial scanning can forgo that step
and directly create a 3D model of the site (Hatamleh and Watson, 2013). Also,
when symmetry is deemed to be critical, such is the case with microtia (small
ear), technicians with high skill sets were paramount during the wax-up step.
However with the ability to simply copy the contralateral ear, adjust it with
CAD software and either print the ear directly or print out a negative mould for
the opposing ear for pouring, the reliance on the technician is greatly reduced
and so is the overall cost (Watson and Hatamleh 2014).

While silicone

prostheses start showing changes within 18 months (dos Santos et al. 2012),
human ears stay remarkably the same throughout our lives, hence having a
digital copy that may be used over and over again greatly simplifies the process
for operator and patient (Kolodney et al. 2011).

In maxillofacial surgery

printing out a model based on scans of the area of interest allows for more
thorough pre-planning of complex cases and ability to test fit of fabricated parts
prior to the procedure. This has been to shown to lead to an increase in fit
accuracy of fabricated prostheses and reduction in operative time by 30 to 90
minutes (Wilde et al. 2012). Furthermore when treating large cranial defects,
very customized cranial reconstruction implant prostheses are required. The
use of custom titanium implants, fabricated using LS additive technology, for
such defects has been demonstrated to be much quicker to fabricate and place
during surgery than conventional methods. This is due to high accuracy and
ease in which various modifications are made to suit each case at the design
stage (Jardini et al. 2014a; Jardini et al. 2014b). In implantology the use of
surgical guides has been strongly recommended due to better planning and
reduction in risk of operative complications (Lal et al. 2006). The accuracy of
surgical guides produced using SLA has been shown to be fairly accurate, with
angular deviation of 2° and linear deviation of 1.1mm at the hex and 2mm at
the apex (Turbush and Turkyilmaz 2012). There has also been some research
regarding fabrication of custom implant screws. The SLS additive process can
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create implants with complex geometry and a porous surface. This has been
shown to increase osseointegration (Huang et al. 2010; Mangano et al. 2010)
and have been successfully trialed in patients (Figliuzzi et al. 2012; Mangano et
al. 2014). Another area of interest is the potential application of additive
manufacturing for use in tissue scaffolding. Other than being able to easily add
and evenly distribute biocompatible and bioactive within the scaffold (Elomaa
et al. 2013), the additive process also allows for much high level of precision
during manufacturing of tissue scaffolds. In conventional methods, it is very
difficult to precisely control geometry, size and spacing of pores in the scaffold
(Ge et al. 2008). Scaffolds are recommended to have pore sizes greater than
300µm to allow for vascularization and osteogenesis. Additive manufacturing
machines are able to produce pores with adjustable dimensions due to high
printing accuracy (Karageorgiou and Kaplan 2005). These techniques may be
used for bone graft applications with greatly customizable scaffold material,
controlling overall hardness and rate of dissolution (Habibovic et al. 2008).
Also, for intra-oral prosthodontic applications, the use of additive
manufacturing techniques for fabrication of dental prosthesis has had several
applications. They include printing models using intra-oral scans, regardless of
how far away a person is from the patient, by spraying binder into gypsum
powder to form a model using inkjet technique. Also the direct fabrication of
dental prostheses (van Noort 2012) and custom build-ups, usually done via
labour intensive dental wax-ups, for planning or investment of final prostheses
(Sun and Zhang 2012). Fabrication of metallic prostheses using SLS technology
has been under research for production of titanium frameworks and CoCr
structures.
As discussed previously, CoCr alloy has shown to be harder to use as a base
metal due to its mechanical properties including hardness and relatively high
melting point. An in vivo study placed CoCr-base porcelain-fused-to-metal
(PFM) crowns fabricated using LS manufacturing technique in patients (Quante
et al. 2008). In this study, marginal adaptation was measured and shown to be
within clinically acceptable accuracy for use. However, while zirconia crowns
have been successfully produced using additive technology and do show
promise for the future, they still require a prolonged post-processing due to
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inherent porosity produced during fabrication, so further research is necessary if
they are to be used in clinical dental settings (Denry and Kelly 2014). Still, due
to wide range of production methods and materials available, there are many
other applications currently being investigated using this technology, including
fabrication of full maxillary and mandibular acrylic dentures (Bidra et al. 2013),
SLA technology to assist with auto-transplantation procedures (Shahbazian et
al. 2012) and production of realistic dental and medical anatomical educational
models (Rengier et al. 2010). These applications, along with an expected drop
in prices of additive manufacturing machines and rapidly improving
technology, are expected to be further developed in the coming years (van
Noort 2012).

1.4.2.4 Accuracy
The accuracy of structures produced varies according to geometries being
replicated, method of manufacture and materials being used. Currently SLA
can fabricate structures with a layer thickness of 25 µm. Inkjet printing can
achieve a layer thickness of 12 µm, while FDM has been shown to have
accuracy of around 127 µm (Liu et al. 2005). All of these manufacturing
techniques nevertheless have variations which are being researched and are
showing promise in production of structures to the nano-scale (Vaezi et al.
2012). Practically there are quite a few examples of accurate applications of
additive manufacturing. Implants abutments have been reported to have an 11
µm vertical gap when produced using additive manufacturing. However the
margins are not yet deemed to have clearly defined features, which make
subtractive manufacturing still the most reliable method for fabricating implant
components.

Implant guides produced using additive technology show a

dimensional error of 0.4 mm, an angular deviation of less than 5° (Turbush and
Turkyilmaz 2012). For facial prosthesis patterns accuracy is found to be very
satisfactory with error range of 0.1 to 0.4mm (Abduo et al. 2014). In the case
of PFM frameworks, due to the relatively recent maturation of LS technology,
there are few papers on internal and marginal fit of fixed dental prosthesis
fabricated using additive techniques. As with studies on marginal and fitting
accuracy of milling machines, the method of measurement, number of points
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being recorded and the type of commercial machine used varied. Most studies
used cobalt chromium as a base metal, likely due to its cost and recent rise in
popularity.

Methods used when examining the fit of a prosthesis includes the

use of a silicone replica of the fitting surface of the created prosthesis and then
manual measurements using microscopy. In other studies, the silicone replica
was digitally scanned and, using a CAD programme, superimposed on a 3D
model of the prepared abutment and map out the areas of discrepancy. Others
sectioned both the fabricated prosthesis and replica of abutment then measured
pre-determined points on the fitting surfaces using a microscope or digital
photography. While the mean marginal gap discrepancy varied from 70 µm to
102 µm, most of the authors agreed that these results were within the acceptable
clinical range for dental use (Quante et al. 2008; Ucar, 2009; Ortorp et al.
2011; Kim et al. 2013; Tamac et al. 2014; Xu et al. 2014; Kim et al. 2014b).
Only one author deemed that the fit of prostheses fabricated using LS were not
satisfactory, with discrepancies varying up to 162 µm. This study however,
lacked a control method group, such as a cast group or a milled group of
specimens, and therefore any issues with their methodology might have gone
undetected. The same authors also noted in a following paper that using LS
technology for fabrication of CoCr PFM crowns has an average misfit of
around 55 µm (Kim et al. 2013; Kim et al. 2014b). This time they deemed the
technology to produce prostheses with adequate accuracy for use in a clinical
dental setting.

1.4.2.5 Advantages
Compared to other digital manufacturing techniques, additive technology has
quite a few advantages including the obvious flexibility of using a wide variety
of machines and the materials available for use.

This makes additive

technology a very attractive field for research and experimentation, opening a
whole new field of possible applications (van Noort 2012). Presently there are
a few major manufacturers of the technology, however due to expiring patents
there are many start-up companies that are producing very accurate machines at
a lower cost. This may be seen by the fact that older papers used to state that
SLA manufacturing was not popular at the time due to the high cost of material
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and machines (Liu et al. 2005). Now there are SLA machines that cost around
$5000 which are able to prepare a structure with layer thickness of 25 µm
(Formlabs 2014). The advantage of using of additive manufacturing include:

•

Flexibility due to the range of available machines: Some machines are

able to print multiple materials at the same time without having to replace the
structure halfway through the build. While this has been mainly limited to
fabrication of organic or multi-colour materials, advancement of the technology
may one day allow the fabrication of multi-component dental prostheses and
their sub-structure, for complex prosthodontic cases in one machine, in one
stretch, which would fully realise digital workflow (Vaezi et al. 2013).

•

Passivity:

The passive nature of this manufacturing technique also

overcomes many of the disadvantages that subtractive manufacturing has. This
is especially so with hard to machine metals such as CoCr, that results in wear
of the milling heads of subtractive units, noise and heat production during
milling as well as surface damage of structure (Abduo et al. 2014).

•

Low percentage of wasted raw material: Subtractive manufacturing can

remove as much as 96% of the initial material and this wastage is virtually
unrecyclable. In comparison, additive machines tend to mostly use what is
required for the build and have 40% less wastage, in addition, around 95% 98% of the waste may be recycled in future production cycles (Abduo et al.
2011; Berman 2012). This not only brings down the overall cost of the raw
material but also is also important in situations where overall weight and size of
the raw material is an issue. Without having to rely on the dimensions of a preformed block of material, as is the case in subtractive manufacturing, the
overall size of the final product is only limited by the size of the building
chamber of the machine; this is usually bigger than the size offered by the preformed disks for milling machines.

32

1.4.2.6 Limitations
There are some limitations associated with current additive technology. These
limitations include:
•

Staircase effect: The layer by layer nature of additive manufacturing

still leaves a stair-case effect on the finished product unless layering thickness
is tuned down to the smallest possible resolution.

This will, however,

significantly increase the building time of the structures (Masood et al. 2003).

•

Manufacture of ceramic structures:

For the fabrication of ceramic

structures (zirconia and alumina) there has been some progress but as noted
above the porous structures produced by the additive technique requires
extensive post-processing which causes shrinkage. For this reason it does not
have the uniformity that subtractive manufacturing produces and does not bypass the problem of shrinkage when machining pre-sintered blocks of material
(Denry and Kelly 2014).

•

Reproducibility: While speed and accuracy of build is improving, many

of the additive machines still do not print to accuracy or reproducibility
required for certain dental applications (Abduo et al. 2014). In cases where
increased accuracy is sought, speed of production usually suffers (Frazier
2014).

•

Need for support structures: In case of FDM and SLS, extra steps need

to be added in placing support structures that may be required for use during
fabrication phases, either manually or through pre-programming, and then
removed after the structure is build. This is done to support any overhanging
structures that appear during the building process (Liu et al. 2005).

•

Specificity for dental use: As the technology is still maturing in the

dental industry, most of the machines currently available are not tailored for
dental applications, as is the case for subtractive manufacturing. However there
are some big companies producing additive technology specifically for the field
of dentistry (3Ds, Stratasys) and as stated earlier subtractive manufacturing also
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took some time to mature in the industry, and is still not considered as
ubiquitous as it was hoped to be (Miyazaki et al. 2009).
All stated earlier, all these issues are being thoroughly studied, and with the
current pace of progress these obstacles will become less formidable as the
technology improves (Liu 2005; Syam et al. 2011; van Noort 2012).

1.5 Cobalt-chromium:
When compared with precious alloys, the use of the base metal cobalt
chromium for use in the sub-structure of dental prostheses has increased in
popularity, partially due to increased economic pressure on patients and past
price fluctuation of both silver and gold (Anusavice 1996; Wataha 2002).
Research on the properties of CoCr has revealed it to not only have an edge on
precious alloys in terms of cost, but it also has very good bonding
characteristics with porcelain, a higher Young’s modulus, higher hardness,
lower density and good corrosion resistance (Li et al. 2015).

1.5.1 Conventional casting of CoCr structures
It is known that base metals are more difficult to cast and require considerable
experience to fabricate consistently. This is due to high shrinkage during the
solidification phase in the lost-wax technique, that has to be compensated for,
risk of distortion of the framework in elevated temperatures and increased
difficulty in physical adjustment due to material hardness (Anusavice, 1996).
In comparison, digital workflow methods are improving and becoming on par
with the sometimes less predictable traditional techniques.

1.5.2 Computer-Aided Manufacturing of CoCr structures
As noted earlier, the current subtractive manufacturing technique does have
issues with material wastage, stress on cutting tips and shrinkage during
processing, this sometimes makes milling machines less than ideal for the
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fabrication of CoCr structures (Choi et al. 2014), although the SM method is
still desirable due to its aforementioned advantage of much reduced wear of
milling components. Additive manufacturing is a promising method of CoCr
production. In the past LS based machines produced rather weak and porous
structures that required extensive post-processing (Liu et al. 2005). A variation
of the technique under vacuum however has shown promise, producing dense
end products. Studies, comparing the accuracy of PFM crowns produced using
new LS technology have found it to have satisfactory marginal misfit for use in
dental prosthesis (Ucar et al. 2009) similarly for studies regarding marginal
misfit of SM manufacturing method (Kim et al. 2017).

1.5.3 Literature on SM and LS Manufacturing of CoCr structures
For CoCr produced using LS and SM technique for use as a sub-structure in
PFM crowns, there have only been a few studies published on the subject and
many do not satisfactorily test the properties sought. To test the performance of
CoCr fabricated using the mentioned manufacturing methods, certain properties
have to be examined. They include physical testing of the CoCr to ensure good
support for the veneering porcelain in PFM restorations that include
investigation of the tensile properties and hardness of the metal. Another point
of investigation should be the microstructural components and organization of
the metal to substantiate the physical properties noted in its natural state and
after firing cycles, which the metal is subjected to during fabrication of PFM
restorations. Microstructural analysis should be carried out on the porcelain to
metal bonding surface to explain the properties seen with the mentioned testing.
Testing of adhesion strength between the porcelain and metallic sub-structure is
important, as it is a common modification used to improve aesthetics yet retains
some of the desirable physical properties of metals. There are thought to be two
mechanisms of bonding between porcelain and metal substructure. One is
through mechanical bonding by the process of roughening the alloy prior to
application of porcelain. The second mechanism is though the production of the
metal oxide layer of suitable thickness, which partially dissolves and mixes
with the porcelain creating a type of chemical bond (Li, 2015). The testing
methodology itself should focus on the ability to accurately detect failure point
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using loading tests.

According to the method adapted by Suansuwan and

Swain, one way of investigating PFM adhesion energy is to introduce a precrack prior to testing to determine adhesion strength between the alloy and the
porcelain by measuring the strain energy release rate of a stable crack extension
along the bi-layer interface with a 4-point bend test (Suansuwan and Swain
1999). Fracture sites also require careful examination to deduce the mode of
failure, as different types of failures indicate different types of issues with the
porcelain to metal bonding, including adhesive/cohesive or mixed.

When

reviewing available studies, it appears that they have not investigated all these
properties well enough. For physical testing of LS fabricated CoCr, one paper
did not do it at all (Xiang et al., 2012), and most did not use samples with
dimensions or a methodology according to standardized testing criteria
(Takaichi et al. 2013; Al Jabbari et al. 2014; Bae et al. 2014; Lu et al. 2015).
Others did not seem to analyse the adhesion strength between porcelain and
metal at all, even though it is one of the most common modifications to CoCr
metals in dental prosthesis and is also the most likely site of failure (Al Jabbari
et al. 2014; Choi et al. 2014; Wu et al. 2014; Xin et al. 2014; Krug et al. 2015).
Even when adhesion testing was done, the number of samples used was either
too small for proper statistical analysis (Zhang et al. 2012), did not use a known
standard testing method (Akova et al. 2008) or appears to have been done
incorrectly (Serra-Prat et al. 2014; Kim et al. 2016; Lawaf et al. 2017). In the
case of Serra-Prat et al, the shrinkage of porcelain during the firing phase of the
sample was not accurately compensated for and approximate dimensions were
used, this may have greatly affected the final results and makes reproducibility
of study results very difficult. Not having the ceramic layered to the specimen
according to a testing standard causes issues when testing adhesive strength as
the bonding surface area of a bilayer specimens and overall dimensions greatly
affect the final result making the fracture data very difficult to replicate in the
future (van Noort et al. 1989). Examination of the site of fracture to deduce the
type of failure that occurred was also not always done (Bae et al. 2014;
Stawarczyk et al. 2014; Wu et al. 2014). Although, the mentioned publications
have not directly compared laser sintered specimens with those manufactured
using soft milling techniques, they have found that laser sintered CoCr
specimens have physical properties and porcelain adhesion strength that is at
36

least as good as cast CoCr. However, the overall issue is still that there is no
paper that covers the properties mentioned well enough, and the lack of proper
standardization of testing methodology makes it very difficult to combine
findings of different publications to draw accurate conclusions.
The overall impression of the LS and SM produced alloys for use in dental
prosthesis when contrasted with current manufacturing methods, hard
machining and lost wax casting, is favourable. Most current studies however,
do not appear to stand to rigorous critiquing of their methodology to draw
definitive conclusions.

1.6 Conclusion:
From the literature review it can be noted the advancement in digital
technology and how it has disturbed various existing workflows. The uptake of
this technology into the dental field is increasing, with various applications
being applied to clinical practice, with manual handling of different steps being
reduced, theoretically reducing associated handling errors. The three main parts
of dental workflow involve impression taking, examination and adjustments to
resultant model and fabrication of required structure. However these steps have
alternatives in the digital dental workflow. Scanning technology does not only
preserve data about structure for much longer than manual techniques, it has
also become increasingly sophisticated and in most cases can compete with
current impression taking methods in terms of accuracy and repeatability.
Modelling of scanned structures has become much easier and less time
consuming when compared to manual handling and adjustments of models such
is the case in wax-ups of complex restorative cases. The CAD software has
become advanced enough to allow for easy manipulation of scanned structures,
such as the case in fabrication of oral and maxillofacial prosthesis, and allow
for structural analysis without destruction of samples, also termed FEA. The
manufacturing and fabrication step of digital workflow has long been
dominated by subtractive manufacturing techniques, mainly milling, however
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milling creates unfavourable forces on build structure has high waste and
limited variations in type of material used. Additive manufacturing has long
been an alternative manufacturing methods but the technology has been slower
to mature for use in dental settings due to its high cost. Expiring patents has
allowed for a large decrease in pricing. The very wide range of additive
techniques and available material allows for much more possible applications in
dentistry. The passive nature of additive techniques allows for fabrication of
more sophisticated build structures without excessive force and much less nonrecyclable waste when compared to subtractive manufacturing techniques.
One material that was discussed that highlights the advantage of computeraided manufacturing over conventional techniques is cobalt chromium. CoCr is
an alloy with excellent physical properties but low cost, making it idea for use
in areas of the oral cavity where heavy stresses are expected. CAM methods do
provide much better control of the fabrication process, although depending on
the technique used the physical properties of the cobalt chromium can cause
damage to the milling components. To bypass that issue two CAM methods
have been developed, SM which involves subtractive/milling technique but
using a soft block of CoCr powder bound using polymer, then sintered to full
density and additive/LS technique where a laser is used to sinter CoCr powder
to full density. Both these techniques reduce both component wear and energy
wastage in the fabrication process. The review discussed the gaps in the current
literature that exist, particularly standardized methods of testing, allowing for
comparison of newer techniques with the existing literature about older
methods of manufacturing.

1.7 Aims of the research:
To compare the properties of additive manufacturing/laser sintered cobalt
chromium alloy with subtractive manufacturing/ soft milling of cobalt
chromium alloy in regards to mechanical properties, bonding to porcelain, and
microstructure characteristics/behaviour. Then contrast the results with those in
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published literature, using same testing methodology, on conventionally
fabricated CoCr.

1.8 Hypothesis:
Cobalt chromium fabricated using laser sintering and soft milling techniques
will have:
•

Similar mechanical properties.

•

Similar bond strength to porcelain.

•

Similar microstructure characteristics and behaviour.

•

Similar properties when contrasted to published literature on
conventionally cast cobalt chromium.

1.9 Overview:
Chapter 2 and 3 will address the aims and hypothesis of research using a
publication-based format and as such there will be repetition in description and
methodology of the experiments. Chapter 2 investigates the mechanical
properties of soft milled and laser sintered CoCr using common testing
standards, ASTM E8 and nanoindentation. Ultimate tensile strength, elastic
modulus and proof stress will be calculated and the fracture surface examined
under scanning electron microscopy. In chapter 3, porcelain adhesion to CoCr
is examined using a 4-point bending protocol of bilayered ceramic/CoCr
specimens as outlined by Suansuwan and Swain (1999). Further information on
elastic modulus and hardness before and after procelain firings was also
determined. The fracture surface was examined visually and under SEM to
better understand the nature of bonding, changes due to porcelain firing and
further investigate testing outcomes.
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Laser Sintered 3D Printed
Cobalt Chromium and
Soft Milled Cobalt
Chromium
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2.1 Abstract:
Purpose: To compare the mechanical properties and fracture behavior of laser
sintered/3D printed cobalt chromium (LS CoCr) with soft milled cobalt
chromium (SM CoCr) to assess their suitability for use in high stress areas in
the oral cavity.
Material and Method: Two computer-aided, manufacturing methods were
used to fabricate dumbbell specimens in accordance to the ASTM standard E8.
Specimens were fractured using tensile testing and elastic modulus, proof stress
and ultimate tensile strength were calculated. Fracture surfaces were examined
using scanning electron microscopy. Plate specimens were also fabricated for
examination of hardness and elastic modulus using nanoindentation. Unpaired
t-test was used to evaluate statistical significance.
Results: LS CoCr specimens were found to have significantly higher ultimate
tensile strength (UTS) and proof stress (PS) (P<0.05) but not the elastic
modulus (P>0.05). Examination of the dumbbell fracture surfaces showed
uniform structure for the LS CoCr specimens whilst the SM CoCr specimens
were perforated with porosities; neither showed an obvious point of fracture.
Nanoindentation also showed that LS CoCr specimens possessed higher
hardness compared to SM CoCr specimens.
Conclusion: LS CoCr and SM CoCr specimens were both found to exhibit
uniformly dense structure; although porosities were noted in the SM CoCr
specimens. LS CoCr specimens were found to have superior tensile properties,
likely due to lack of porosities, however both had mean values higher than
those reported in literature for cast CoCr. Uniformity of structure and high
tensile strength indicates that LS CoCr and SM CoCr fabricated alloys are
suitable for long span metallic frameworks for use in the field of
prosthodontics.
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2.2 Introduction:
Dental prostheses require a material with minimum physical properties to be
able to function structurally in the harsh oral environment. High strength substructures are becoming more in demand with the increasing use of long-span
frameworks in prosthodontics including tooth and implant supported prostheses
(Abduo and Lyons 2013).

Investigating the mechanical behaviour of various

sub-structures is essential to be able to predict long-term success of a dental
prosthesis (Roberts et al, 2009). Cobalt chromium (CoCr) is a common base
metal alloy used in dental prostheses. Initially, CoCr alloys were associated
with fabrication of metallic frameworks in removable prosthodontics; today its
use is frequently extended to fixed prostheses. The primary reason for the
increase of use of CoCr is due to the lower cost of frameworks fabricated with
CoCr when compared to equivalent frameworks fabricated using noble or high
noble metals (Anusavice 1996; Barucca et al. 2015). Base-metals have also
been shown to meet the physical properties needed for use in high functional
load cases, such as long span bridges and implant frameworks, where superior
mechanical properties are required (Wataha, 2002; Barazanchi et al, 2017).
However, traditional casting methods for CoCr frameworks are generally more
difficult to manufacture due to having a high melting temperatures, reduced
ductility and high hardness of the alloy (Wataha 2002, Choi et al, 2014). This
is coupled with the somewhat unpredictable nature of lost-wax technique in
regards to homogeneity of the resultant structure, where structural defects can
occur due to improper penetration of the alloy during casting (Yamanaka et al.
2013). Use of computer aided manufacturing (CAM) methods has allowed for
better control of macro- and micro- structures in CoCr frameworks by
manufacturers ensuring high control of block or powder during production (Li
et al. 2015). Subtractive CAM techniques such as milling involve cutting of a
prefabricated CoCr block down to the desired shape, testing of alloys fabricated
using this method have yielded results indicating excellent physical properties
(Li, 2015). However, in addition to the high level of waste involved in milling
techniques (Berman 2012) the high hardness of CoCr results in extensive wear
of milling components when cutting a fully sintered CoCr block (Abduo et al.
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2014).

This problem can be alleviated by using a low stress subtractive

technique on softer, wax-bound CoCr powder milling blocks known as softmilling (SM). These CoCr blocks are made of evenly distributed CoCr powder
held together using a binder material (1-2% of composition) that is burnt off
during the sintering stage of the alloy. The densification that occurs during this
process raises the material to its optimal strength (Krug et al. (2015).
Another CAM manufacturing process is 3D printing or additive manufacturing
technology. The low energy layering process bypasses the physical issues
involved with hard machining of alloys, greatly reducing component stress, and
also significantly reducing material waste (van Noort 2012; Abduo et al. 2014).
Another advantage is the lack of limitation for the size of prosthesis. This is
because milling and casting techniques are limited by size of the block or the
investment chamber, hence allowing additive manufacturing to be used for
fabrication of single piece maxillofacial model or metallic prostheses
(Koutsoukis et al. 2015). One method to 3D print CoCr alloy is by a laser
sintering (LS) process, where a bed of CoCr powder is sintered layer by layer to
form a larger structure. Although 3D laser sintering and soft milling techniques
offer alternative low stress manufacturing of CoCr prosthetic frameworks, there
are relatively few published studies that report on the physical properties of LS
and SM manufacturing methods using a standardized methodology (Barazanchi
et al. 2017). Furthermore, little has been published contrasting those two lowstress manufacturing method to each other. The aims of this research were to
contrast the physical properties soft milled (SM CoCr) and laser sintered (LS
CoCr) cobalt-chromium powder with similar composition using standardized
techniques to deduce properties important for manufacturing of dental
prostheses including ultimate tensile strength, elastic modulus, proof stress,
hardness and fractographic analysis of fracture surface.
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2.3 Materials and Methods:
Stereolithographic (STL) models of dumbbells and rectangular plates were
designed using computer-aided design software (AutoCAD 2016, Autodesk,
San Rafael, California, United States).

The dumbbells were designed in

accordance with the ASTM testing standard E8/E8M, with diameter of 2.5 mm,
gauge length of 10 mm, radium of the fillet of 2 mm, length of reduced section
25 mm. The rectangular plates, n=1 per group, were designed with dimensions,
8×30×1.5mm.
Specimens were fabricated using the two manufacturing methods, SM and LS,
for both dumbbells (Figure 2.1) (n=20 per group) and plates for purpose of
nanoindentation (n=1 per group). Table 2.1 shows the material composition of
CoCr powder used for both methods. One point to note is that while the LS
CoCr powder manufacturer noted the amount of carbon in the specimen,
0.16%, the SM CoCr powder manufacturer neglected to do so.

Figure 2.1 Example of shape of tested dumbbells

Table 2.1 Composition of CoCr powder used in each manufacturing method

Specimens

Brand

Manufacturer

Co

Cr

Mo

Si

LS CoCr

CobaltChrome

EOS

60-

26-

5-

<1% <1% <1%

(MP1)
SM CoCr

Sintron

Mn

Fe

65% 30% 7%
Amaan Girrbach

66% 28% 5%

<1% <1% <1%
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LS CoCr specimens, which were based on the STL models, were fabricated
using an additive manufacturing machine Eosint M270, (EOS, GmBH, Munich,
Germany) employing a laser to sinter/3D-print, with a layer thickness of 40 µm
and Yb-fibre laser 200 W, on a homogenous bed of CoCr powder (EOS
CobaltChrome MP1, EOS, Munich, Germany) to the required dimension.
For the SM CoCr specimens, the same STL models as used for the LS group,
were imported into Ceramill Mind (Amann Girrbach, Koblach, Austria) and
milled using 5-Axis Ceramill motion 2 (Amann Girrbach) on a wax bound
CoCr powder block (LOT:1303054), (Sintron, Amann Girrbach) to dimension
then sintered in a furnace at 1500 °C (Argotherm, Amann Girrbach) to full
density following manufactures recommendations.

2.3.1 Physical testing of material
Fabricated dumbbells were mounted on a Universal Testing Machine (UTM)
(Instron 3369, Norwood, Massachusetts, USA) and an extensometer attached
onto the body of the dumbbells. The dumbbells were loaded in tension, using a
50KN load cell, at a loading rate of 1mm/min, until fracture. The stress/strain
curves were recorded using Bluehill 3 (Instron).

The rectangular plates were polished to a <0.05 µm colloidal silica finish in
preparation for nanoindentation testing.

Nanoindentations (UMIS, Fischer-

Cripps Laboratories, Sydney, Australia) were performed at a static load of 200
mN with n = 20 indents across the bulk of the CoCr specimens, 50um spacing,
holding 1 second and unloading to 2% of maximum.
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2.3.2 Analysis of fracture surface
Three fractured dumbbells from each group (highest, middle and lowest
ultimate tensile strengths) were chosen and sectioned while avoiding biological
contamination of the fracture surface. Specimens were mounted on aluminum
stubs using double-sided carbon tape. The fracture surfaces were viewed in
JEOL JSM-6700F field emission scanning electron microscope (SEM) (JEOL
Ltd, Tokyo, Japan).

2.3.3 Statistical analysis
The data was tested using Shapiro and Wilks test, to confirm the assumption of
normal distribution of data. Unpaired t-test was used to evaluate statistical
significance (P<0.05) (Microsoft Excel version 14.4.7, Microsoft, Redmond,
Washington, USA).

2.4 Results:
2.4.1 Mechanical testing
Tensile testing results are summarized in Table 2.2. The testing of dumbbells
specimens showed that the elastic modulus was higher for LS CoCr than SM
CoCr samples, however the differences were not statistically significance (P >
0.05). The LS CoCr specimens, however, had a statistically significantly higher
ultimate tensile strength (UTS) and 0.2% off set proof stress than that of the SM
CoCr specimens (P <0.05).
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Table 2.2 Shows the results of mechanical testing by manufacturing method (standard deviation in
brackets, not statistically significant (N.S), statistically significant (S))

Manufacturing

Elastic

Ultimate tensile

0.2% off set

method

modulus

strength (MPa)

proof stress

(GPa)

(MPa)

LS CoCr

196.2 (26.3) 1090.3 (27.4)

608.8 (23.8)

SM CoCr

180.4 (59.9) 915.9 (42.7)

549.4 (30.8)

Statistical significance N.S.
(P < 0.05)

S (P<0.01)

S (P<0.01)

(P>0.05)

Nanoindentation results are summarized in Table 2.3. The results indicated
higher hardness values for laser sintered over milled specimens and closely
matched the elastic moduli reported in the tensile testing.

Table 2.3 Shows elastic modulus and hardness nanoindentation results for both manufacturing
methods.

Manufacturing

Elastic modulus

method

(GPa)

S.D.

Hardness

S.D.

(GPa)

LS CoCr

197.0

9.2

4.4

0.2

SM CoCr

181.8

7.0

3.3

0.4

2.4.2 Fractography
The fracture surfaces were examined; the dumbbell with median physical data
is shown in the following figures for analysis. At lower magnification, ×37
(Figure 2.2), no obvious origins for the source of fracture could be deduced,
and all specimens showed very homogenous structure.
At higher magnification, ×1000, (Figure 2.3a), the LS CoCr specimens
appeared to have very uniform dendritic structure and lattice growth during
manufacturing. Specimens also appeared to have undergone failure through
brittle fracture mode. In comparison, the SM CoCr specimens (Figure 2.3b)
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were found to have numerous well distributed porosities and micro-voids at the
fracture surface. The fracture surface showed a mixed failure mode with both
decohesion and coalescence of micro-voids. Upon closer examinations of the
porosities at ×3000 magnification, it was observed that the further the porosity
was from the center of the dumbbell, the larger they became; ~2-3 µm at the
center of the dumbbell compared to ~6-7 µm closer to the edge (Figure 2.4).

Figure 2.2 Representative SEM image at ×37 showing (a) fracture surface of LS CoCr dumbbell and
(b) fracture surface of SM CoCr dumbbell.

Figure 2.3 Representative fracture surface SEM ×1000 showing (a) fracture surface of LS CoCr
dumbbell and (b) fracture surface of SM CoCr dumbbell.
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Figure 2.4 Representative fracture surface of SEM image at ×3000 showing (a) taken from centre of
fracture surface, (b) taken from the area adjacent to the edge of the dumbbell. Despite similar
magnification being used the voids, are larger at the edge of the dumbbell than at its centre

2.5 Discussion:
In this study, two low-stress CAM CoCr manufacturing techniques were
investigated and compared to better understand their respective mechanical
properties. The material investigated had a very similar elemental composition
and the mechanical properties of laser sintered and soft milled manufactured
CoCr were examined using specimens of specific dimensions in accordance to
standardized testing method, ASTM E8.
There are a number of known shortcomings to in vitro studies because of the
difficulty in replicating the dynamic nature of the oral environment (Kelly et al.
2012). However standardized in vitro testing may give more information on
failure that might not be easy to examine in vivo due to difficulty and expense
of examining modes of failures of prostheses in a clinical setting (Anusavice et
al. 2007). Another potential shortcoming with this study is that conventional
casting of CoCr method was not directly compared with the other two CAM
methods examined. Hence a standardized method was used, testing using
ASTM standard and nanoindentation, to be able to compare to results found by
other studies using similar methods on other CoCr manufacturing method
including traditional lost-wax casting method.
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In the early developmental period of laser sintered manufacturing, the technique
was known to produce porous and weak metallic structures (Kathuria 1999). In
contrast, our study found LS CoCr specimens were highly satisfactory with LS
CoCr specimens testing having a tensile strength of 1090.3 (27.4) MPa, more
than 3 times higher than the recommended 300 MPa for sub-structures of CoCr
prostheses (Wataha and Messer 2004). Similarly, the process of soft machining
then sintering of CoCr, also produced specimens with high tensile strength,
915.9 (42.7) MPa, albeit statistically significantly lower than the reported LS
CoCr UTS value (P<0.05). When observing the plastic portion of the
stress/strain curve, most specimens had similar behaviour stress,
producing a slope (appendix D and E) indicating a similar work hardening,
ductile behaviour regardless of the fabrication method.
Another important property is the 0.2% proof stress, which indicates the point
at which a material undergoes transition from elastic to plastic deformation.
This is particularly important with long-span frameworks which can undergo
high flexural bending force (Wataha and Messer 2004). In this study, both LS
CoCr and SM CoCr specimens exceeded the recommended 0.2% proof stress,
of 250 MPa (ISO 9693), with results of 608.8 (23.8) MPa and 549.4 (30.8) MPa
respectively. However again LS CoCr were statistically significantly higher
than SM CoCr specimens (P<0.05).
Elastic moduli for the specimens were examined using two methods; tensile
testing and nanoindentation (Table 2.2 and Table 2.3). Both CAM techniques
produced similar values and both methods exceeded the recommended elastic
modulus values for long span prostheses, 180 GPa (Wataha 2002). These
results confirm that either method can be used to accurately deduce the elastic
modulus for metallic specimens.
Fractographical analysis of surfaces is essential when trying to explain the
microstructure basis for observed mechanical properties (Gokhale and Patel
2005). The laser sintered specimens were very uniform with appearance of a
well developed appearance including a typical regular CoCr dendritic structure.
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In contrast the SM CoCr specimens had what appeared to be voids or pores
ranging in size from 2 to 8 µm (Figure 2.4). This phenomenon has been noted
by other authors and is due to the escape of the binding polymer during the
sintering process of the powder metal blocks (Salak 1997). In this study, we
found that these pores increased in size the further the area was from the center
of the shaft of the dumbbell and this is likely due to the aggregation and
increase in volume of escaping polymer as it leaves the center of the specimens.
The presence of pores and other micro-defects has also been shown to decrease
the elastic modulus, UTS and proof stress values of overall structure (Chawla
and Deng 2005). This corroborates the results observed in this study where the
more porous SM CoCr specimens exhibited lower physical properties than
those of the more uniformly dense LS CoCr. Observing the fractured surface
along with the stress/strain graph (Fig XXX) indicate a ductile nature of the
tested alloys in this study. One other potential factor is the presence of carbon
in the alloy, however, as the SM CoCr powder manufacturer neglected to
indicate the percentage of carbon in the alloy it is difficult to ascertain whether
this was a factor in the differing physical parameters of the manufactured CoCr
specimens.
The results obtained for the automated SM and LS techniques can be compared
with different manufacturing methods reported in other studies that used similar
testing methods as per ISO E8, nanoindentation and SEM examination of
fractured surfaces.

Cast CoCr, while technique sensitive and more labor

intensive than CAM technique, is reported to have lower UTS values ranging
from 700 to 800 MPa (Kilner 1986; Li et al. 2003; Denti 2017) and lower 0.2%
proof stress values than LS CoCr but higher than SM CoCr, 590 MPa (Kilner
1986). Elastic modulus and hardness values are reported to be comparable to
LS; 192.5 GPa and 3.7 GPa respectively for cast CoCr (Li 2015). The biggest
issue with casting CoCr remains the unpredictable nature and increased risk of
defects forming during penetration of the refractory mold and solidification of
the metal during casting leading to shrinkage deformation of the framework (Li
2015) thereby increasing the risk of premature fracture and remaking the
prosthesis.
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The findings of this study were similar to others published on the topic that did
not use similar testing methods as this study. Generally, it was found that LS
CoCr had a much more homogenous structure when compared to cast CoCr
(Xiang et al. 2012). Similarly UTS and 0.2% proof stress were found to be
higher for LS than either milled (Kim et al. 2016) or cast (Wu et al. 2014; Choi
et al. 2014) CoCr. In comparison, elastic modulus data was usually found to be
higher for cast than LS ( Stawarczyk et al. 2014; Kim et al. 2016). Some of the
limitations of these studies however are that they did not use CoCr with similar
elemental composition between each of the manufacturing methods combined
with smaller samples sizes (n=6) (Wu et al. 2014; Kim et al. 2016), and/or used
non-standardized testing methodology (Choi et al. 2014; Stawarczyk et al.
2014)
Based on the findings of this study, LS CoCr techniques appear to allow for
production of a highly homogenous microstructure and dense final substructures for dental prostheses when compared with SM specimens. However,
both low energy CAD/CAM CoCr manufacturing methods produced structures
with physical properties far exceeding recommended minimum standards for
use in long span implant or tooth supported prostheses in addition to more
complex maxillofacial prostheses.

2.6 Conclusions:
•

Laser sintering manufacturing produces specimens that have superior
ultimate tensile strength and proof stress than soft milled manufacturing
method.

•

Elastic modulus for CoCr can be calculated equally correctly using
tensile testing and nanoindentation.

•

Soft milling of CoCr does produce structures with small porosities
throughout, likely due to escaping binding polymer.

•

Those porosities contribute to reduced ultimate tensile strength and
proof stress of soft milled CoCr.
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•

Laser sintering and soft milling manufacturing techniques both produce
CoCr structures with highly satisfactory mechanical properties.
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3
Adhesion of 3D Printed
and Soft Milled CoCr in
Porcelain Fused to Metal
Structures
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3.1 Abstract:
Purpose: To investigate the adhesion strength and bonding interface of a
layered ceramic to powdered cobalt chromium (CoCr) processed by two
different computer-aided manufacturing methods.
Materials and Methods: Fifteen specimens were manufactured from each of a
3D printing laser sintering (LS) CoCr and a milled pre-sintered (SM) CoCr.
The specimens were layered with porcelain and 4-point bending was carried out
according to the method refined by Suansuwan and Swain (1999).
Nanoindentation was used to calculate changes in elastic modulus and hardness
before and after porcelain firing. Adhesion energy was calculated and the
fracture surface observed using SEM. Microstructural and phase changes were
examined using electron microscopy before and after ceramic firing.
Results: The adhesion strength of the LS specimens bonded porcelain were
higher than the SM specimens (P<0.05). Analysis of the fracture surfaces
showed a predominantly adhesive mode of failure. Elastic modulus and
hardness of the CoCr specimens increased post porcelain firing. Examination
using electron backscatter diffraction (EBSD) showed a fine grain structure for
both manufacturing methods. Significant localized changes in the crystal
structure post firing were only observed at the surface of the SM specimens.
Conclusions: Both manufacturing methods showed regular microstructures
prior to porcelain firing. Laser sintered CoCr had stronger bonding to ceramic
than milled pre-sintered CoCr and was also more stable microstructurally post
ceramic firing. However, both manufacturing methods were superior to that of
values reported for cast CoCr. It was also found that increased hardness of
CoCr had an inverse relationship with bonding strength. Overall, high strength
porcelain bonding and stability following multiple ceramic firings indicates
high suitability for use of these CoCr materials with implant or tooth supported
long-span frameworks.
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3.2 Introduction:
Three dimensional (3D) printing or additive manufacturing has become
increasingly prevalent in dentistry (Averyanova 2012) due to its low wastage
and the very low component stress involved in the manufacturing procedure
(Petrovic et al. 2010). This allows for a more environmentally friendly product
and an ability to fabricate high strength sub-structures with lower energy input
than conventional manufacturing methods. One such material is CoCr, which
has become increasingly prevalent due to its superior physical properties and
low cost compared to many other restorative materials (Wataha 2002).
Currently, CoCr can be fabricated through lost-wax/casting or computer aided
manufacturing (CAM).

There are limitations however, with conventional

casting techniques including shrinkage and an increased risk of defects due to
poor control of the flow of molten alloy (Yamanaka et al. 2013). There is also
much less control of the phase composition, an important aspect for fabricating
CoCr structures with more predictable physical properties (Yamanaka et al.
2013; Li et al. 2015). In contrast, CAM techniques which can mill restorations
from blocks of CoCr have much better control of the final crystalline phase
structures (Li et al. 2015).

However, the subtractive-based milling technique

of an already fully sintered CoCr block is still an extremely energy intensive
and high-stress procedure. This is due to the innate hardness and low ductility
of fully sintered CoCr, resulting in high energy expenditure and causing
increased damage to milling components, such as milling burs, during the
process (Abduo et al. 2014). One method to bypass such issues is milling presintered blocks of CoCr, also known as soft milling (SM). This involves using
a pre-sintered block of powder CoCr bound together with a polymer; the block
is then milled to the desired shape then sintered to reach full density (Krug et al.
2015). Such a method leads to reduced stress on milling components, although,
shrinkage during the sintering step still has to be accounted for by
preprogramed milling software. Soft milling and additive manufacturing are
both relatively low-stress methods for fabrication of CoCr sub-structures
particularly when compared to milling fully sintered CoCr blocks or
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conventional casting methods, making them highly attractive techniques for
investigation to determine their suitability for use in prosthodontics.
Research to date has focused on comparing conventional casting with other
CAM techniques, with few studies comparing additive and soft milling
fabrication techniques as a sub-structure for porcelain fused to metal (PFM)
restorations. This is of importance as the use of metallic sub-structures layered
porcelain is a very common restorative (Li 2015), and hence overall
performance needs to be assessed. There are thought to be two mechanisms of
bonding between porcelain and metal substructure. One is through mechanical
bonding by the process of roughening the alloy prior to application of porcelain.
The second mechanism is though the production of the metal oxide layer of
suitable thickness, which partially dissolves and mixes with the porcelain
creating a type of chemical bond (Kelly and Asgar, 1969).

Other issues related to research in this area include the use of the less
predictable shear testing to evaluate adhesion strength (Suansuwan and Swain
1999), and use non-standardized methodology. Furthermore, most did not
investigate the adhesion surface sufficiently to explain their findings
(Barazanchi et al. 2017). Hence, the purpose of this study was to measure the
adhesion strength and examine fracture behaviour of porcelain fused to CoCr
that was fabricated using LS and SM, two low-stress CAD/CAM manufacturing
methods.
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3.3 Materials and Methods:
3.3.1 Materials porcelain veneering of specimens
Thirty two CoCr rectangular specimens (n=16 per group) with dimensions 1.5
mm × 8 mm × 30 mm, were fabricated using two manufacturing methods, SM
milled using a 5-Axis Ceramill motion 2 (Amann Girrbach, Koblach, Austria)
with pre-sintered blocks (LOT:1303054, Sintron, Amann Girrbach) and LS
using the additive manufacturing machine Eosint M270, (EOS GmBH, Munich,
Germany) using CoCr powder (Cobalt Chrome MP1, EOS). Thirty of the CoCr
specimens were sandblasted to roughen one side using 110µm Al2O3 particles
at 2 bar pressure in preparation for bonding with the veneering porcelain. The
veneering porcelain was layered with the assistance of a prefabricated template
(Figure 3.1) to produce a 1.5 mm height of veneering porcelain layer and was
subsequently fired in accordance to the manufacturer’s recommendations table
3.1 (Vita VMK Master, Vita, Freiburg, Germany). The two remaining unfired
specimens were tested and examined using nanoindentation and EBSD and
used as the comparison for the fired specimens.

Figure 3.2 Shows layering of porcelain using a metallic template to ensure a 1.5 mm height of
veneering porcelain.
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Table 3.1: Summary of parameters for porcelain firing cycle

Predry
°C
Opaque
firing
Opaque
past firing

500

Drying
time
(min)
2.00

Heating rate
(°C/min)

Firing
temperature

Holding
time (min)

Vacuum
(min)

80

950

1.00

5.38

500

6.00

80

950

1.00

5.38

First
dentine
firing
Second
dentine
firing

500

6.00

55

930

1.00

7.48

500

6.00

55

920

1.00

7.38

3.3.2 Adhesion testing
The adhesion strength between the veneering porcelain and CoCr was
determined using a 4-point bend strain energy release rate approach as
described by Suansuwan and Swain (1999). The ceramic layer was notched
using a water diamond impregnated disc and then pre-cracked to the interface
using a manual 3-point loading jig. The applied load was controlled by a screwknob and crack initiation was observed under a light microscope to ensure
stable crack propagation during testing. The specimens were then stored in
kerosene until testing. The pre-cracked specimens were placed on a 4-point
fully articulated bending jig (Model No. WTF-CF, Wyoming Test Fixtures Inc.,
Salt Lake City, Utah, USA) and mounted on a universal testing machine
(Instron 3369, Instron Corp, Canton, MA, USA). The specimens were bent at a
crosshead speed of 0.05 mm/min and the data recorded using BlueHill 3
software (version 2.3.359, Instron Corp). An increasing load was applied to the
specimen until stable crack propagation was initiated along the interface that
was indicated by a plateau on a force-displacement curve (Figure 3.2). The
mean value of the plateau load between the lowest and highest point was
obtained and the strain energy release rate (G) was calculated using the
formula:
G=

!
η[P ! l! 1 − v!
]
!
!
E! b h
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where G is the strain energy release rate, l is the distance between the inner and
outer roller on the same side, P is the load necessary to stably propagate the
crack at the plateau region, Em and Ep is the elastic modulus of the Co-Cr and
porcelain respectively, vm and vp is the Poisson’s ratio of the Co-Cr and
porcelain respectively, b is the width of the specimen. Ep, vm and vp values were
obtained from the paper by Swain 2009 (Swain 2009) (Table 3.2) whereas Em
was determined using nanoindentation testing, hm and hp was the measured
thickness of the CoCr and porcelain respectively and h was the total thickness
of the specimen.
Table 3.2. Shows Poisson’s ratios and elastic modulus of the porcelain sourced from Swain (2009)

LS

SM

Poisson ratio veneer

0.2

0.2

Poisson ratio metal

0.3

0.3

E modulus veneer
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Figure 3.2 Shows two typical force vs. displacement curves produced using the BlueHill 3 software.
The circles show the point of stable crack propagation.

3.3.3 Nanoindentation and electron backscatter diffraction
Four specimens were fabricated using the two manufacturing methods, SM and
LS (n=2 per group). One specimen from each manufacturing method was
layered with veneering porcelain according to manufacturer’s instruction and
the remaining specimen was left as sintered. The layered specimens were taper
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sectioned at ~45° angle in order to maximize the area for indentation. Tapered
sections were also sequentially polished, to minimize surface damage, to a
<0.05 µm colloidal silica finish in preparation for electron backscatter
diffraction (EBSD) and nanoindentation testing.
Prior to testing, EBSD phase maps were produced according to the method by
Li et al (2016) to ensure the nanoindents were located in the correct region of
interest. Nanoindentation was performed using the CSIRO UMIS instrument
(Fischer-Cripps Laboratories, Forestville, NSW, Australia) at a static load of
200 mN with n = 20 indents across the bulk and at the interfacial surface layer
of the CoCr alloy. Compliance of the load frame for the nanoindentation unit
was 0.2 nm/mN. Post data analysis of the elastic modulus and hardness was
performed using IBIS 2 software (Fischer-Cripps Laboratories).
EBSD was used to determine the grain size and crystal structures present in the
bulk and metal/ceramic interface. EBSD patterns were collected using an
Oxford Instruments Aztec (@25kV, ~50 nA) (Oxford instrument, Abingdon,
Oxfordshire, UK) in a fixed grid of 1600 × 800 analysis points with a 0.2-0.5
µm step size. EBSD data was post-processed using an HKL CHANNEL 5
software-Oxford instrument, Oxford instrument) using methods outlined in
Prior et al (2009) and grains were defined as cells surrounded by boundaries
with misorientations of 10° or more (Shigematsu et al. 2006) thereby
identifying the crystalline structure and grain size.

3.3.4 Fracture behaviour
Three fractured bilayered specimens from each manufacturing method were
selected based on highest, middle and lowest G values and fracture mode was
determined via SEM (Zeiss Sigma VP FESEM, Jena, Germany) using the
backscatter imaging mode to enhance the contrast between the alloy and
porcelain. The specimens were examined edge-on and directly onto the fracture
surface. All remaining specimens were visually analysed to establish the mode
of failure according to O’Brien (2002) “classification of porcelain alloy failure
according to interface formed, Type I to VI” (O'Brien 2002).
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3.3.5 Statistics
A two-tailed t-test was carried out using computer software (Microsoft Excel
version 14.4.7, Microsoft, Redmond, Washington, USA) to verify the statistical
significance (P<0.05) of the adhesion testing results.

3.4 Results:
The mean elastic modulus and hardness values are shown in Table 3.3 and the
G values for each manufacturing method are shown in Table 3.4.
Nanoindentation results indicate that ceramic firing leads to an increase in
hardness and elastic modulus of the underlying CoCr with their calculated
results being higher still at the interface. It was also noted that after firing there
was a marked increase in hardness at the interface of the SM specimens
compared with the LS specimens.
Table 3.3 Results of nanoindentation testing of LS and SM; metal porcelain interface (MP)

Laser Sintered (LS)

Milled (SM)

Nanoindentation (30 indents)

Nanoindentation (30 indents)

Elastic modulus (GPa)

S.D.

Elastic modulus (GPa) S.D.

As sintered

197.0

9.2 As sintered

181.8

7.0

After firing

199.4

8.5 After firing

187.9

8.4

At MP interface

205.1

6.8 At MP interface

195.4

6.3

Hardness (GPa)

Hardness (GPa)

As sintered

4.4

0.2 As sintered

3.3

0.4

After firing

4.5

0.2 After firing

3.4

0.4

At MP interface

4.9

0.2 At MP interface

5.3

0.4
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Data from nanoindentation was used to calculate the adhesion energy of the
porcelain fused to CoCr specimens (Table 3.3). The calculated results from the
4-point bending (Table 3.4) showed the adhesion energy for LS was
significantly higher than SM (P<0.05).

Table 3.4 Shows the G values for each manufacturing method

Manufacture method

Adhesion energy (G)

S.D.

Laser sintered (LS)

86.6 J/m2

14.1

Soft milled (SM)

76.9 J/m2

10.6

Analysis of the edge-on fracture surface at the metal/porcelain interface showed
an adhesive mode of failure between the alloy and porcelain in the LS
specimens (Figure 3.3a), whilst the SM specimens showed a cohesive type
porcelain/porcelain failure adjacent to the metal porcelain interface (Figure
3.3b). However, when examining the fracture surfaces directly, both the LS and
SM specimens showed a predominantly adhesive porcelain / alloy mode of
failure (Figure 3.4). This was also confirmed by the visual analysis which
showed the mode of failure as being Type IV, oxide / metal, as per O’Brien’s
classification (Figure 3.5) (O'Brien 2002).
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Figure 3.3. Representative edge-on SEM backscatter image at × 200 (a) showing an adhesive mode of
failure between the alloy and porcelain in the LS specimens; (b) SM specimens showing a cohesive type
porcelain/porcelain failure adjacent to the metal porcelain interface.

Figure 3.4 Representative SEM backscatter image of the fracture surface at × 200 showing (a) an
adhesive mode of failure between the alloy and porcelain in the LS specimens; (b) SM specimens
showing similar adhesive alloy/porcelain mode of failure.
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Figure 3.5 Shows typical “Type IV” oxide to alloy failure as per O’Brien classification (O'Brien
2002).

EBSD data of unfired SM and LS specimens showed a small difference in
proportions of (hexagonal close-packed) hcp and (face centred cubic) fcc phase
composition. However, after porcelain firing the percentages of hcp and fcc
phases present in the specimens became similar for both (Table 3.5). Phase
changes from fcc to hcp for the SM specimen was found to be concentrated at
the bonding surface (Figure 3.6) while phase changes for the LS specimen did
not appear to concentrate in any one area. EBSD imaging also showed welldefined grain boundaries.

Table 3.5 Percentage of hcp and fcc for LS and SM specimens before and after firing.

SM

LS

hcp

fcc

hcp

fcc

As sintered

0.7%

99.3%

3.5%

96.5%

4 firings

3%

97%

2.4%

97.6%
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Figure 3.6 EBSD phase maps for LS (a and c) and SM (b and d) specimens before and after
porcelain firings. Red denotes hcp phase whilst blue areas denotes the fcc phase.

EBSD maps also showed that both LS and SM manufacturing methods had
well-formed crystalline structures with well-defined grain boundaries (Figure
3.6) allowing for accurate grain size measurements. The grain sizes were also
similar for both manufacturing methods (Table 3.6) although when compared
with the SM specimens, there is a noticeable interfacial layer of smaller grains
on the LS CoCr. Post porcelain firing, the average grain size was reduced for
both LS and SM specimens.
Table 3.6 Average grain sizes for both manufacturing methods after firing

SM (S.D.)

LS (S.D.)

As sintered

15.5 (11) µm

16.5 (14) µm

4 firings

13 (8.7) µm

13 (8.9) µm
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3.5 Discussion:
The purpose of this study was to establish the adhesion strength and fracture
behaviour of porcelain fused to CoCr fabricated using two computer aided
manufacturing methods LS and SM.
A review by Barazanchi et al (2017) examining the bond strength of porcelain
to LS CoCr reported that many studies did not use a standardized methodology
in regards to dimension of specimen used. Some investigators have also used
fully fabricated crowns to which they applied stress until failure of the
porcelain to CoCr at the interface, often referred to as “crunch the crown”
(Kelly et al. 2012; Barazanchi et al. 2017). The problem with using fully
fabricated crowns for testing is that the surface area and complex geometry of a
typical crown is not accounted for when using any type of formulae and so does
not allow for valid analysis of the actual strength of adhesion between the
porcelain and bonding alloy. This has led some authors to question the validity
of testing bond strength using this method (Kelly et al. 2012). Such variation
also limits comparison between studies as changing surface area and geometry
greatly influences the bond strength (van Noort 1989). In the same review, only
two studies used the ISO 9693 method (Xiang et al. 2012; Wu et al. 2014)
which has been criticised by some authors as being unpredictable in that it
allows for less control of fracture progression (Suansuwan and Swain 1999). In
this study, the calculations of bond strength were based on testing procedures
reported by Suansuwan and Swain (1999). Their methodology involved 4-point
bending and pre-cracking, which increases predictability and stability of crack
behaviour (Menčík 1996; Suansuwan and Swain 1999). The method is not only
considered simpler and more predictable (Menčík 1996) but also, when
compared with other testing methods such as shear and tensile testing of PFM
specimens, results in a cleaner separation at the porcelain/metal interface,
allowing for better post fracture analysis of the interface (Hammad and Talic
1996). Furthermore, adopting a standard 4-point bending test allows for direct
comparison with other studies using the same method, as the formula takes into
account variations in specimen dimension.
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The LS specimens had statistically higher bond strength than the SM
specimens, 86.6 J/m2 vs. 76.9 J/m2 respectively (P<0.05). When these results
are compared to other studies using the same methodology, they are
approximately double the bond strength reported for porcelain veneered onto
conventionally cast CoCr, 44.7 J/m2 (Ting et al. 2014) and 42.8 J/m2 (Li et al.
2016).
Other studies yielded mixed results when examining the bond strength of
porcelain to CoCr. Two studies, using crunch the crown testing method, found
similar bond strength of porcelain to CoCr sub-structure fabricated using LS
and conventional casting methods (Akova et al. 2008; Suleiman and Vult von
Steyern 2013), while two similar studies using ISO testing standard 9693 also
found no statistical difference in bond strength (Xiang et al. 2012; Lawaf et al.
2017). Overall, current studies agree that LS CoCr and milled CoCr seems to
have highly satisfactory bonding to porcelain, although it was still
recommended by one review that the nature of the porcelain/ LS CoCr alloy
bonding requires further investigation (Koutsoukis et al. 2015).
Examination of fracture surfaces is considered important when analysing
bonding behaviour of porcelain to bonding alloy (Anusavice et al. 2007). SEM
was used to examine the fracture behaviour of selected specimens at the
bonding interface. Examination of fracture behaviour of bilayer specimens from
the edge is simple to conduct if the orientation of the bilayer specimen is
maintained. However, when viewing the fracture behaviour across the fracture
surface under SEM it is more difficult to examine fracture behaviour due to the
similar appearance of porcelain and metal. To overcome this, the SEM fracture
mode analysis was determined using backscattered imaging to allow easy
differentiation between the materials, as the atomic contrast between the two
results in the CoCr appearing much brighter compared to the porcelain.
In this study, examining the fracture interface from the edge found that
adhesive failure appeared to be the mode of failure for the LS specimens while
a cohesive mode of failure of the porcelain was identified in the SM specimens
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(Figure 3.3). However, when viewing the fracture surfaces optically and using
SEM, both manufacturing methods exhibited a similar, mostly adhesive pattern
of failure at the metal porcelain interface, specifically an oxide/metal failure as
per O’Brien’s Type IV classification (Figure 3.4 & 3.5).

These findings are

similar to the findings by Li et al (2016). Hence it can be concluded from these
observations that examination of the fracture surface interface is more reliable
to discern behaviour than if viewing the fracture surface only from the edge.
Nanoindentation testing was used primarily to allow for calculation of the
porcelain bond strength (Suansuwan and Swain 1999), however, the changes in
hardness and elastic modulus of specimens before and after porcelain firing
cycles were also examined. Both LS and SM specimens had a slightly increased
elastic modulus post-firing. Hardness had a more prominent increase on the
interface for SM than LS specimens at the bonding interface, 3.3 to 5.3 GPa, vs.
4.4 to 4.9 GPa respectively. No statistical analysis was undertaken of the
nanoindentation results as the array of indents was done on a single specimen.
When comparing the results of this study to others using similar methodology,
there appears to be a relationship between bond strength and hardness of the
underlying CoCr at the interface. As per the results of Li et al (2016), hardness
and bond strength results for conventionally cast CoCr were 6.1 GPa and 42.83
J/m2 respectively, while hard machined CoCr yielded 4.6 GPa and 92.15 J/m2
respectively. When correlating these findings with the data for LS and SM from
this study, there is an inverse relationship between increased hardness of CoCr
and decreased bond strength (Figure 3.7). This finding corresponds to findings
reported by other authors (Li et al, 2016)

.A possible explanation for this

relationship is that there is less residual stress at the PFM interface with the
lower hardness values. We hypothesise that this is a result of the compression
bonding element to mechanical interlock/bonding element of the PFM bond in
the lower hardness alloys allowing for ductile movement of the lower hardness
alloys during contraction on cooling of porcelain and alloy after firing thereby
producing less residual stress at the interface.
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Figure 3.7: Graph of the relationship between bond strength and hardness using data from this
study and Li et al (2016)

To further examine the properties of CoCr, a microstructural study of
specimens was carried out as the current literature has found a distinct
relationship between microstructural features of a material and properties
observed via physical testing (Senthilvelan et al. 2003; Gokhale and Patel
2005). Such properties include that of grain size and structure. When an alloy is
cooled down, crystals form around a cluster or nuclei and grow until they meet
another growing cluster of crystals. Each of these crystals is then called a
grain, and their borders become a grain boundary (Wataha 2002).
EBSD maps showed that both manufacturing methods produce CoCr specimens
that are well formed and with defined boundaries (Figure 3.6), particularly
when compared to maps of other studies of conventionally cast CoCr specimens
(Li et al. 2015). These results are at least partially due to the precise nature of
fabrication and the control of composition of the pre-sintered CoCr powder by
the manufacturers (Li et al. 2015). Such refinement also aids in the fabrication
of specimens with predictable physical properties when compared to traditional
casting, as it has been established that well-defined boundaries contribute to
higher yield strength and ultimate tensile strength of alloys (Hall 1951). Hence
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it is likely that specimens fabricated using similar automated CAM techniques
will result in superior physical properties than those fabricated using
conventional casting techniques.
Average grain sizes were noted to be similar in both groups of specimens prior
to firing, approximately 16 µm (Table 3.6). This is considered favourable, as
generally metals with grain sizes below 30µm are found to have better
elongation and yield strength compared to specimens with larger grains
(Wataha and Messer 2004). The firing of porcelain onto the specimens also
resulted in smaller grain sizes on average (Table 3.6), particularly at the
interface (Figure 3.6). Coupling this with the Hall-Petch relationship, where
grain size is inversely proportional to hardness (Armstrong 2014), the smaller
grains may partly explain the increase in hardness of the LS and SM specimens
after porcelain firing (Table 3.3).
The EBSD map of specimens also gave an insight into the phase of CoCr
crystals. Cobalt is an allotropic element with crystals being in a hexagonal
close-packed (hcp) at low temperature and a face centred cubic (fcc) phase at a
higher temperature (Barucca et al. 2015). However during heating and cooling,
the rate of conversion of hcp to fcc is slow, leading to persistence of fcc phase
after the alloy cools down (Al Jabbari et al. 2014). High fcc stability of CoCr
alloy is desirable as it contributes to reduced hardness, an increase in yield
strength and the ability to absorb stress applied to a PFM prosthesis
(ASM_International 2000) while also maintaining ductility in high stress areas
(Lee et al. 2008). In this study, both manufacturing methods produced relatively
stable fcc to hcp ratios at low temperature. While porcelain firing had minimal
changes in phase ratios, the SM specimens appeared to have most of the fcc to
hcp conversions concentrated at the metal porcelain interface (Figure 3.6)
which is similar to what was found in other studies using EBSD maps of SM
CoCr (Li et al. 2016). The concentration of hcp on the interface may explain
the larger increase in the hardness of SM CoCr post firing when compared to
LS CoCr (Table 3.3). This has also been noted in other studies, where the
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increase in hcp conversions post firing has led to an increase in surface
hardness, particularly with traditional casting (Li et al. 2015).
It is reported in the literature, that heating and cooling of LS CoCr during the
laser sintering process encourages the transformation of fcc to hcp (Barucca et
al. 2015) which is what was found in our study. The results, however, also
showed that even when firing porcelain with temperatures at which the phase
transformation of fcc to hcp is expected to occur, LS CoCr had excellent
stability when compared to SM CoCr. Cast CoCr has been observed to have an
even more a drastic change in its microstructure and phase transformation when
multiple porcelain firings are applied to it (Li et al. 2015). Hence these results
show that LS CoCr is excellent in withstanding several firing cycles without
detrimental effects on its physical properties. This can be of use with long-span
porcelain fused to metal fixed prostheses, which may require multiple firing
cycles to have all the required porcelain applied.
One perceived weakness of this study is the lack of testing of cast CoCr and
hard machined CoCr. However, the properties of the former have been well
covered by two of the investigator in this study (Li and Waddell) in previously
published work using a similar methodology (Li et al. 2015; Li et al. 2016),
hence further testing was not anticipated to add new information to the existing
literature. Another perceived shortcoming of this study is the relating of in vitro
bench top studies to in vivo oral conditions (Kelly et al. 2012). However, the
variations in geometry and lack of standardization of in vivo studies make it
difficult to deduce reasons for the failure of a porcelain fused to metal
prostheses (Anusavice et al. 2007). Longitudinal clinical studies of the LS
CoCr and SM CoCr manufactured frameworks are, however, still necessary to
obtain a complete picture of the clinical performance of these CoCr
frameworks.
In summary, LS CoCr has highly desirable stability and high bond strength to
porcelain. Both LS and SM fabricated CoCr show properties that will be ideal
for use in long span porcelain fused to metal dental prostheses subjected to high
stress in the oral cavity. The results obtained from this in vitro standardized
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study will advance our understanding of the mechanical and bonding properties
of a CoCr alloy produced using 3D printing laser sintering technology, and to
explore its various potential uses for clinical dental practices worldwide.

3.6 Conclusions:
•

Laser sintered CoCr has a significantly stronger bonding to porcelain
than soft milled CoCr.

•

Analysis of the mode of failure is better carried out by examining the
fracture surface rather than from the edge-on view.

•

The increase in hardness of the CoCr alloy at the interface has in an
inverse relationship with a decrease in the porcelain to CoCr bond
strength.

Overall, high strength porcelain bonding and stability with multiple ceramic
firings indicate high suitability for an implant or a tooth supported long span
metallic frameworks.
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Thesis Summary
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4.1 Summary of research:
CAD/CAM technology has revolutionized dentistry. It has reduced labour
costs, increased efficiency of production and allowing for development of a
digital workflow option, where the process from obtaining a digital impression
or a scan to final production can occur with minimal manual handling. The
technology has also streamlined and simplified the production of devices with
different dental materials, such as zirconia and titanium. The steps in the digital
workflow and different techniques employed are discussed in chapter 1.
CAM is the final production step in the production of dental prostheses. While
the technique is generally associated with milling, also referred to in the
literature as a subtractive manufacturing technique, there are other methods that
fall under that general heading. One such computerized manufacturing method
is 3D printing or additive manufacturing. While there are several systems that
fall under the term additive manufacturing, the basic premise involves the
layering of material into the desired shape according to the instructions from
CAD programme. This process reduces waste and allows for development of
more complex geometries structures compared with the subtractive
manufacturing techniques. Contrast of additive and subtractive manufacturing
techniques, advantages and applications are also discussed in chapter 1.
One material that can benefit from CAM techniques is CoCr. The alloy has
relatively low cost and favourable physical properties. When manufacturing
prostheses from CoCr, conventional fabrication method with lost-wax
technique requires an experienced technician and also suffers from
unpredictability and uncontrolled shrinkage. CAM techniques can increase the
predictability of the manufacturing process, with mostly defect free structures
and tightly controlled composition of CoCr used. One CAM for manufacture of
CoCr prostheses is the milling of an already dense CoCr block, termed hard
machining. Despite the excellent outcomes of this method however, it does
result in high rates of wear and tear to milling machines. To bypass that issue, a
novel soft milling (SM) technique has been developed, where a powder CoCr
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bound by polymer is milled and then sintered to reach maximum density, hence
reducing stress on components during milling process. A completely different
approach lies in an additive manufacturing technique termed laser sintering
(LS). The technique allows for fabrication of specimens from CoCr by directly
sintering loose powder of the alloy, to produce specimens with minimal
postproduction processing. Other than the inherit advantages mentioned of
additive manufacturing, this technique also causes no stress to the build
components. The advantage of the SM and LS manufacturing methods of CoCr
suggests that these methods are a highly attractive option for manufacture of
long-span prostheses in prosthodontics.
While some research has been published on the topic, there is very little in the
literature that directly compares these techniques. Furthermore, of the research
available, many have issues in regards to adopting accepted standards of
testing. This creates issues with the reproducibility of study results and makes
it difficult to directly compare findings with those of other manufacturing CoCr
methods. These problems are discussed in part 1.5 and the introductions of
chapters 2 and 3.
To address these issues, this research sets to investigate the properties of CoCr
fabricated using the two novel manufacturing techniques, additive laser
sintering and subtractive soft milling techniques. Using standardized testing
methods, mechanical and microstructure properties were examined. The results
were then compared to other research that had used similar testing methods to
investigate CoCr manufactured using the conventional lost-wax manufacturing
technique.
The aims of this research were to:
1. Examine the mechanical properties of LS and SM manufactured CoCr
using standardized methodology (ASTM E8 and nanoindentation)
a. Outcome: Successful
i. Laser sintered CoCr produces specimens with a superior
ultimate tensile strength and proof stress compared to the
soft milled manufacturing method.
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ii. Elastic modulus for CoCr can be calculated equally
correctly using tensile testing and nanoindentation.
iii. When examined under SEM, laser sintering of CoCr
produces specimens with uniform structure while soft
milling of CoCr produces structures with small porosities
throughout, likely due to escaping binding polymer
during the sintering process.
iv. Those porosities contribute to lower ultimate tensile
strength and proof stress of soft milled CoCr.
v. Laser

sintering

and

soft

milling

manufacturing

techniques both produce CoCr structures with highly
satisfactory mechanical properties.
vi. When compared to the results published on cast CoCr
testing using the same standard, both CAM methods had
superior tensile strength but all had a comparable proof
stress.

2. Calculate and examine the bonding strength of porcelain to cobalt
chromium alloy manufactured using laser sintering and soft milling
a. Outcome: Successful
i. Laser sintered CoCr has a significantly stronger bonding
to porcelain than soft milled CoCr.
ii. The hardness of the CoCr alloy at the interface has an
inverse relationship with porcelain to CoCr bond
strength, i.e. higher hardness of alloy results in lower
bond strength and vice versa.
iii. When compared to results published on cast CoCr that
was tested using the same testing methodology, both
CAM methods produced specimens that had higher
adhesion energy than those reported for cast CoCr.
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3. Analysis of the micro-structure of the laser sintered and soft milled
CoCr alloy and the effects of porcelain firing on their crystalline
composition
a. Outcome
i. Laser sintered and soft milled manufacturing methods
produce CoCr specimens that have very uniform
crystalline structure with clear grain boundaries.
ii. Both methods produce similar sized grain of less than
30µm, which contributes to their high mechanical
properties. However, it does not explain the difference in
mechanical

properties

between

the

different

manufacturing.
iii. Crystalline composition of as sintered laser sintered and
soft milled CoCr is mostly in the form of fcc which
reduces hardness and increases yield strength of alloy.
iv. The manufactured CoCr undergoes changes with
porcelain firings, with increased hcp composition
contributing to increased hardness and potential decrease
in bond strength to porcelain.

4.2 Hypothesis:
Following these findings the hypothesis in section 1.9 can be addressed as
follows:
•

Laser sintered and soft milled cobalt chromium have similar mechanical
properties:
o Partially rejected, elastic modulus was similar between two
methods. Overall however, laser sintering had significantly
better mechanical properties.

•

Similar bond strength to porcelain:
o Rejected, laser sintered cobalt chromium had superior bonding
to porcelain than soft milled cobalt chromium.

•

Similar microstructure characteristics and behaviour:
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o Accepted, both manufacturing methods produced specimens
with regular microstructure.

•

Similar properties when contrasted to published literature on
conventionally cast cobalt chromium:
o Rejected, mechanical properties were overall superior for the
computer-aided

manufacturing

method

than

conventional

casting. Both computer-aided manufacturing methods also had
stronger bond strength and porcelain. Microstructurally, both
investigated methods had much more organized grain and crystal
structures. Also were more stable after porcelain firing than
conventionally cast cobalt chromium.

4.3 Clinical significance:
Our aging population is generally maintaining more of their teeth, resulting in
more demand for complex prosthodontic solutions such as long span dental
bridge. Advancements in implant dentistry have also led to the development of
full mouth implant retained prostheses. These treatments require the use of substructures with high strength but can still be manufactured routinely and
predictably. Cobalt chromium is a relatively low cost material that has desirable
physical properties, suitable for long span prostheses. However, traditional
fabrication methods have issues with reliability of the lost-wax process and
overall strength. As shown by the results of this study, computer-aided
manufacturing methods of cobalt chromium can fabricate prostheses with much
improved physical properties and organized microstructure compared to
conventional casting of the alloy. Laser sintering/3D printing of CoCr has
better mechanical properties and stronger adhesion to porcelain than soft milled
and traditionally cast CoCr, but with much reduced material waste. The
findings of this study suggest the use of computer aided manufacturing,
particularly 3D printing/laser sintering, will aid clinicians in obtaining a better
and more predictable clinical outcome for dental prostheses manufactured using
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cobalt chromium compared with those manufactured using conventional lostwax technique.

4.4 Future research:
Long-term clinical trials of CoCr prostheses manufactured using SM and LS.
Examining whether the in vitro properties translate into satisfactory in vivo
performance when used in the oral cavity.

Aspects monitored should be

chipping rates of overlaying porcelain and fracture rates of sub-structure, with
close attention being given to cause of fractures. Also the biological behaviour
of CoCr manufactured using CAM methods and whether there are any issues
with corrosion behaviour in the oral environment.
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